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CHAPTER 1 

INTRODUCTION 

Modern turbomachines are h ighly  complex systems. Current 

design t rends  are producing machines t h a t  c o n s i s t  of s eve ra l  

process  s t ages  jo ined  together .  The r o t o r s  i n  these  machines 

are highly f l e x i b l e  s h a f t s ,  o f t e n  mounted i n  more than two bear- 

ings ,  t h a t  r o t a t e  a t  very high speeds. It i s  no t  uncommon t o  

see machines t h a t  opera te  above t h e  second c r i t i ca l  speed. A s  

a r e s u l t  t he  system dynamics are very complicated. 

One of t h e  major problems encountered i n  these  machines i s  

i n s t a b i l i t y  produced by aerodynamic fo rces  on impeller wheels, 

f r i c t i o n  i n  t h e  s t r e s s e d  r o t o r  and hydrodynamic fo rces  i n  t h e  

bear ings.  The i n s t a b i l i t y  i s  charac te r ized  by l a r g e  amplitude 

wh i r l  o r b i t s  and o f t e n  r e s u l t s  i n  bear ing o r  t o t a l  machine f a i l u r e .  

It i s  o f t e n  aggravated by unbalance and o ther  ex te rna l  fo rces  

t ransmi t ted  t o  t h e  machine. Production l o s s e s  from f a i l e d  machines 

are very high and i t  may t ake  many months t o  r e p a i r  o r  r ep lace  t h e  

f a i l e d  u n i t .  

machines f a i l  and occasional  l o s s  of l i f e  occurs.  

In  add i t ion  opera tor  s a f e t y  is  jeopardized when 

From the  earliest inves t iga t ions  of r o t o r  i n s t a b i l i t y ,  i t  has 

been known t h a t  t he  use  of f l e x i b l e ,  damped supports  has  an  e f f e c t  

on i n s t a b i l i t y  and can eliminate i t  o r  al ter t h e  speed a t  which 

it  occurs.  Recent research  has  produced a l a r g e  body of knowledge 

on t h e  use  of t hese  supports  and t h e i r  e f f e c t  on i n s t a b i l i t y .  

The squeeze f i l m  damper bear ing  is one type  of f l e x i b l e  

1 



support that is currently being investigated. This study ex- 

amines the squeeze bearing and through computer simulation shows 

its effects on several rotor-bearing systems. The equations for 

the hydrodynamic bearing forces are developed in both fixed and 

rotating coordinate systems. The use of two coordinate systems 

allows for both steady-state and transient analysis of bearing 

performance. This results in more efficient bearing analysis 

and a savings in time and money when experimental testing of the 

bearings is conducted, 

The steady-state behavior of the bearing results in the for- 

mulation of bearing stiffness and damping coefficients which can 

be used to set the bearing configuration. This is accomplished 

by comparing the coefficients with required values obtained from 

a stability analysis of the rotor-bearing system. Several methods 

of determining the system stability are discussed. The effects of 

end seals and cavitation of the fluid film are also included in 

the steady-state coefficients. 

The transient analysis is very useful in determining the 

bearing response to particular forms of external and internal 

forces as noted previously. Also  the effect of bearing retainer 

springs and fluid film cavitation can be found. 

sponse is found by tracking the journal mqtion forward in time 

by integrating the equations of motion under the influence of the 

system forces. 

The transient re- 

The limitations of and assumptions.used in deriving the 

steady-state and transient equations are discussed in order to 

2 



obtain meaningful interpretation of the results and to es- 

tablish useful design criteria. 

Dr. R. Gordon Kirk developed the computer programs used 

to perform the transient analysis in this report. 

3 



CHAPTER 2 

THEORETICAL ANALYSIS 

2.1 REYNOLDS EQUAmON 

The conf igura t ion  of t h e  squeeze f i l m  damper bearing 

i s  shown i n  Figure (2-1) where t h e  c learance  has been exag- 

gerated.  

and t h e  bearing equations are derived f o r  both systems. The 

d e f i n i t i o n s  of t h e  va r ious  parameters are l i s t e d  i n  the  nomen- 

c l a t u r e  s e c t i o n  of t h i s  r epor t .  

Both f ixed  and r o t a t i n g  coord ina te  systems are shown, 

The b a s i c  bearing equation i s  t h e  Reynolds equation which 

i s  derived from t h e  Navier-Stokes equations f o r  incompressible 

flow. With t h e  proper bearing parameters t h e  equation f o r  t h e  

f l u i d  f i l m  f o r c e s  are derived. [l] 

The Reynolds equation f o r  t h e  s h o r t ,  p l a i n  j o u r n a l  bearing 

is  given i n  both f ixed  and r o t a t i n g  coordinates by: 

Fixed coordinates:  

ah + 2 - ah 
at 

Rotating coordinates:  

A s  shown i n  Figure (2-1), t h e  angle  8 i n  t h e  f ixed  coor- 

d i n a t e  expression i s  measured from t h e  p o s i t i v e  x-axis i n  t h e  

d i r e c t i o n  of r o t a t i o n  whereas t h e  angle  8 '  i n  t h e  r o t a t i n g  co- 

ord ina te  expression is measured from t h e  l i n e  of c e n t e r s  i n  t h e  

4 



5 



d i r e c t i o n  of r o t a t i o n .  

of equat ions  (1) and (2) include: 

The assumptions used i n  t h e  de r iva t ion  

1. The f l u i d  inertia t e r m s  i n  t h e  Navier-Stakes equations 

have been neglected due t o  t h e i r  s m a l l  magn5tude. 

Body f o r c e s  i n  the f l u i d  f i l m  have been neglected.  2. 

3. The f l u i d  v i s c o s i t y  is  constant.  

4. The flow i n  t h e  r a d i a l  d i r e c t i o n  has  been'neglected,  

t h a t  is, t h e  s h o r t  bearing approximation has  been used. 

F igure  (2.2) shows a comparison of t h e  s h o r t  bear ing  so l -  

u t i o n  and t h e  gene ra l  so lu t ion  of t h e  Reynolds equation solved 

by a f i n i t e  d i f f e r e n c e  technique f o r  t h e  p l a i n  j o u r n a l  bearing 

under s teady  state conditions.  

bearing s o l u t i o n  is h ighly  accura te  f o r  a wide range of eccent- 

r ici t ies f o r  L/D < 114 and is  acceptab le  €or L/D va lues  up t o  1 

i f  t h e  e c c e n t r i c y  r a t i o  is low. The normal design range of t h e  

squeeze f i l m  bear ings  w i l l  be L/D < 1/2 and e c c e n t r i c i t y  r a t i o s  

< 0.4. 

It can be  seen t h a t  t h e  s h o r t  

By assuming t h e  bearing is p e r f e c t l y  a l igned  (h not  a 

func t ion  of Z) equations (1) and (2) are in t eg ra t ed  d i r e c t l y  t o  

y i e l d  express ions  f o r  t h e  f l u i d  f i l m  forces .  

2.2 BEARING FORCES I N  FIXED COORDINATES 

For t h e  p l a i n  bearing w i t h  f u l l  end leakage the appropr i a t e  

boundary condi t ions  are: 

(-2-3) 

6 
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Figure 2-2 Comparison of Fini te  Length and Short Bearing Solutions 
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In the fixed coordinate system the film thickness, h, is given 

by : 

h = c - x COS e - y sin 8 

Substituting into equation (2-1) and integrating yields: 

Differentiation of equation (2-4) yields: 

” = x sin e - y cos e ae 

- = -  a h  2 cos e - + sin e a t  

The incremental force acting on the journal is: 

(2-4) 

(2-7) 

The relationship between the unit vectors in the fixed and 

rotating reference frames is: 

X = COS .e In, -t - sine I;;e 

t J = sin e 6, + cos e Ine -+ 

t j. -+ In, = cos e i + sin e J 

j. -+ I;, = -sin e i + cos 0 j 

(2-10) 

(2-11) 

12-12) 

8 



Subs t i t u t ing  equation (2-11) i n t o  equation (2-8) y ie lds :  

-+ A 3  = - P(B,Z)RdedZ(cos 8 1 - s i n  8 j) 

Thc! elemefital x and y f o r c e  components may be found by 

tak ing  t h e  dot  product of equation (2-13) with  u n i t  vec to r s  i n  

t h e  x and y d i r ec t ions .  

-+ 
A 3 X  = (AS 1)x = -(P(9,Z)RdedZ cos 9) i 

Ai? = ( A 3  3); = -(F(8,2)RdedZ s i n  8) f 
Y 

(2-13) 

(2-14) 

(2-15) 

The t o t a l  f o r c e  components i n  the  x and y d i r e c t i o n s  are found by 

i n t e g r a t i n g  equat ions (2-14) and (2-15) over the  e n t i r e  j ou rna l  

sur f  ace. 

(2-16) 

F = -  ( 8 , Z ) R  s i n 8  dZ d9 
Y 

(2-17) 

ah i n t o  the  pressure and '  - ah 
a t  Subs t i t u t ing  t h e  expressions f o r  

equat ion and i n t e g r a t i n g  around the  bearing circumference gives:  
2a 
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The above equation i s  app l i cab le  t o  t h e  eva lua t ion  of 

t h e  f o r c e s  developed i n  t h e  p l a i n  j o u r n a l  bear ing  as w e l l  as 

t h e  squeeze f i l m  damper bearing f o r  a r b i t r a r y  va lues  of j o u r n a l  

dispacement, v e l o c t t y ,  and s h a f t  and bear ing  housing angular 

v e l o c i t i e s .  

f l o a t i n g  bush bear ing  wi th  r o t a t i o n .  

Hence t h e  ana lys i s  can a l s o  be used f o r  t h e  genera l  

For t h e  case of t h e  squeeze f i l m  damper where t h e  j o u r n a l  and 

housing are cons t ra ined  from r o t a t i n g ,  (LI+,=OI~ = 0), t h e  f o r c e  

expressions become 

21T 

- 2 ( ~  cos 0 + + sin e) 
(c - x cos e - y sin 

0 
These non-linear f l u i d  f i l m  f o r c e s  are e a s i l y  combined wi th  

the  rotor-bearing system dynamical equations providing a complete 

non-linear dynamical a n a l y s i s  of t h e  system. Because t h e  bear- 

ing f o r c e  equations are w r i t t e n  i n  f ixed  Car tes ian  coord ina tes  

a transformation from one coord ina te  system t o  another is not  

required.  

t i m e  s i n c e  t h e  bear ing  pressure  p r o f i l e  must b e  i n t e g r a t e d  a t  

each t i m e  s t e p  of t h e  system motion. 

This  i s  very important f o r  conservation of computation 

2 . 3  BEARING CAVITATION 

I f  'the complete pressure  p r o f i l e  i s  ca l cu la t ed  without re- 

gard t o  c a v i t a t i o n  o r  rup tu re  of t h e  f i lm ,  then  t h e  bearing pressure  

w i l l  be  s i m i l a r  t o  Figure ( 2 . 3 ) .  

dimensional p re s su re  generated i n  t h e  bearing. 

This f i g u r e  r ep resen t s  t h e  t h r e e  

The exac t  mechanism causing c a v i t a t i o n  i n  f l u i d s  is no t  

10 
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f u l l y  known. It is known tha t  f i lm rupture  is influenced by gas 

and so l id  content of the  f luid.  

shown t h a t  a f lu id  may stand la rge  t e n s i l e  stresses- [2], 

and i ts  a b i l i t y  t o  withstand rupture  is  dependent on its past  

his tory.  I n  t h i s  invest igat ion i t  is assumed that cavi ta t ion 

occurs when the  pressure i n  the f i lm drops below ambient pressure. 

The cavi ta ted f i lm then extends over only a sec t ion  of the  bear- 

Recent invest igat ions have 

ing circumference as shown i n  Figure (2-4). Recent experimental 

research has shown tha t  cav i ta t ion  i n  the  squeeze bearing occurs 

i n  streamers of bubbles which extend around the  e n t i r e  bearing 

[3] .  These streamers i n i t i a l l y  appear a t  the  center of the bear- 

ing and extend outward as the ro tor  speed increases. It is  be- 

yond the  scope of t h i s  present research t o  analyze t h i s  type of 

cavi ta t ion  e f f ec t .  Therefore the  conventional cavitated f i lm 

is  assumed t o  occur when P<P where P is  the  assumed cavi ta t ion 

pres sur  e 
C C 

When evaluating the  in t eg ra l  of equation (2-19), negative 

pressures are equated t o  zero i f  the  f i lm  i s  assumed t o  cavi ta te .  

I f  the  o i l  supply pressure is su f f i c i en t ly  high and su i t ab le  

operating conditions e x i s t  the f i lm does not  cavitate. 

2.4 BEARING FORCES I N  ROTATING COORDINATES 

The Reynolds equation i n  ro t a t ing  coordinates w a s  given 

by equation (2-2). Assuming steady-state c i r cu la r  synchronous 

precession of t he  journal  about the bearing center  and no axial 

misalignment, equation (2-2) can be integrated i n  closed form. 

The resu l t ing  equations f o r  the bearing forces  give the  equivalent 

s t i f f n e s s  and damping of the bearing. 

12 
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Applying the boundary conditions: 

and integrating equation (2-2) yields: 

p ( e , z )  = LE .-24ah 2 ah z2 -  
h3 [ + -][ at '4 

(2-20) 

(2-21) 

where 8' is measured from the line of centers in the direction of 

rotation as shown in Figure (2-1). 

In rotating coordinates the film thickness, h, is given by: 

h = cel + E cos 8' )  

where the eccentriety ratio, E ,  is defined as: 

and 

Differentiation of equation (2-22) gives: 

-c E sin 0 '  
ah - -  a e  I -  

ah - = c6 cos 8 '  a t  

(2-22) 

(2-23) 

(2-24) 

(2-25) 

Substituting the expressions for h and its derivitiyes into 

equation (2-21) and integsating gives the fluid film force: 

02 
1 

+ E sin 0 '  + E cos 0 ' )  de1 (2-26) 
F = *  C 2  /(; (1 + E cos 0 0 3  

e: 

14 



4 - b  
The transformation into the n,, % coordinates is 

+ 4 -sin 8 '  ne nr = -cos e '  

The components of the fluid film force in the radial and 
4 -b tangential directions, nr and ne are found by taking the dot 

product of the force with unit vectors in the radial and tan- 

gential directions. Thus: 

and 

(2-27) 

(2-28) 

(2-29) 

and the force components are: 
I 

e; 
(-+ E. s i n  8 '  + E cos e t )  COS e *  de' 42-30) 

(1 + & cos e ' ) 3  . . {sin ..) 
The limits of integration, e {  and e;, define the area over 

which a positive pressure profile exists and are dependent on 

the type of journal motion and whether or not cavitation occurs. 

It is assumed that the journal is precessing in steady- 

state circular motion about the origin. Therefore : = 0 an8 

the pressure expression, equation (2-21) becomes: 

P ( 6 ' , Z )  = 6 v w ~  s ine '  
C 2 U  -4- E cos e q 3  

(2-31) 
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The maximum pressure in the axial direction occurs at Z = L/2 

and equation (2-31) is rewritten as: 

- 3 v ~ ~ w s  sin $ 8  p(e#,~/2) = 
2c2(1 + E COS (2-32) 

By differentiating equation (2-32) with respect to 8 '  and 

equating to zero, the tangential location of the maximum pressure 

may be found. 

is given by: 

The angle, 8 '  max. ,  where the pressure is maximum 

(2-33) 
(1 + E COS e t r n a X ) c ~ s  elmax + 3 E sin" etmax = o  

v 
The angle 6AaX varies with E and shifts from 

when E = 0 37T 
t -  O L x  2 

to 
when E = 1 - 8 '  - 

max 
and the maximum pressure is given by: 

-31.1L2we sin e I r n a x  

2 c 2 ( 1  + E COS eimax)3 (2-34) 

The pressure expressed by equation (2-32) is positive over 

the region 8 '  = II to 8'  = ~ I I  and f o r  the cavitated fluid film 

the limits of integration in equation (2-30) are: 

16 
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The r a d i a l  and t angen t i a l  Components of t h e  f l u i d  f i lm  fo rce  

are given by: 

2a 

sin 8 '  (2 -36)  
(1 + E: cos 

The i n t e g r a l s  i n  equation (2 -36)  w e r e  i n t eg ra t ed  using Booker's 

method [ 4 ] .  The r e s u l t i n g  fo rce  components are: 

and 

(2-37) 

(2-38) 

The f o r c e  i n  equation (2-37) appears as a s t i f f n e s s  c o e f f i c i e n t  

t i m e s  a displacement ac t ing  i n  l i n e  of t h e  displacement towards 

t h e  bearing center .  The equivalent bear ing s t i f f n e s s  is: 

(2 -39)  

Since t h e  jou rna l  i s  precessing and not  r o t a t i n g ,  every poin t  i n  

t h e  jou rna l  has  a ve loc i ty  equal to'ew. The f o r c e  i n  equation (2 -38)  

t he re fo re  appears as a damping c o e f f i c i e n t  t i m e s  a v e l o c i t y  ac t ing  

i n  t h e  d i r e c t i o n  oppes i te  t h e  jou rna l  motion. 

The equivalent  bearing damping is: 

(2 -40)  

1 7  



For t h e  uncavi ta ted f i l m  t h e  limits of i n t eg ra t ion  i n  

equation (2-36) become: 

e; = 0 ,  e; = 2n 

In t eg ra t ing  and eva lua t ing  a t  those  limits y ie lds  fo rce  

components 

- 
Fr - 

- Fe - 

It is 

produce an 

given by: 

0 

- p R L 3 ~ e w  
2 3/2 c3(1 - E 1 

(2-4i) 

( 2 - 4 2 )  

(2-43) 

the re fo re  evident  t h a t  a complete f l u i d  f i l m  does not 

equivalent  bear ing s t i f f n e s s  but doubles t h e  damping 

of t h e  cav i t a t ed  f i lm.  

Although t h e  equations f o r  t h e  bearing c h a r a c t e r i s t i c s  were 

derived f o r  a p l a i n  bear ing with no circumferent ia l  o i l  groove 

they are app l i cab le  t o  o the r  bear ing configurat ions.  

ample Figure(2-5a)represents  a p l a i n  bearing with c i rcumferent ia l  

o i l  groove and f u l l  end leakage. 

For ex- 

The t o t a l  l ength  of t h e  bear ing,  L, corresponds t o  t h e  

length of t h e  p l a i n  bear ing with no o i l  groove, 

i n  Figure (2.5a) c o n s i s t s  of two p l a i n  bearings without an o i l  

groove whose length  is  L/2 .  

t h e  equations may be replaced by L /2  and t h e  equations mul t ip l ied  

by 2 t o  ob ta in  t h e  t o t a l  e f f e c t  of t h e  two half bearings.  

net effect: is t o  decrease t h e  maximum pressure  by a f a c t o r  of 2: 

The bearing 

Thus the  bearing parameter L i n  

The 

18 



1 
E -  .. 

* @ 2  (2-44) 
L L2 

Similarly the damping and stiffness values are decreased by 

a factor of 4 :  

2($)3 = -  (2-45)  
4 

L 3  

The bearing represented in Figure (2.5b) is a plain bearing 

with circumferential oil groove and end seals to prevent end leak- 

age. If there is no end leakage the boundary conditions are: 

E) = o  
z = 0 , L  az (2-46) 

and the net effect leaves the pressure and bearing characteristic 

equations unchanged. 

Figure 2 ~ 5  a. Axial Pressure.Distributi6n of Bearing With 
Circumferential Oil Groove 

Seals -and Circumferential Oil Groove 
b. Axial Pressure Distribution of Bearing With End 
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The bearing equations derived i n  t h i s  s e c t i o n  are summarized 

Also included i n  t h e  t a b l e  are t h e  equations f o r  

For t h i s  type of operation 4 = o and 

i n  Table (2-1). 

pure r a d i a l  squeeze motion. 

r e s u l t s  from a pure ly  u n i d i r e c t i o n a l  load on t h e  journa l .  

0 

The 

r a d i a l  and t a n g e n t i a l  f o r c e  components are derived from equation 

(2-30) where only t h e  t e r m  containing 

ta ined .  

t h e  

of j o u r n a l  e c c e n t r i c i t y .  

r e v e a l s  t h a t  t h e  hydrodynamic p res su re  i s  p o s i t i v e  only i n  

3R t h e  reg ion  18' = - t o  - 2 2 .  

i n t e g r a t i o n  i n  equation (2-30) f o r  t h e  cav i t a t ed  fi lm. 

i n  the i n t e g r a l  is re- 

The p res su re  equation i s  a l s o  modified t o  inc lude  only 

t e r m .  The maximum pressure  occurs a t  8 =R f o r  a l l  va lues  

Examination of t h e  pressure  equation 

These va lues  of 8 '  are t h e  limits of R 

The t a b l e  a l s o  shows that f o r  pure ly  r a d i a l  motion no bear ing  

s t i f f n e s s  i s  obtained i n  e i t h e r  t h e  c a v i t a t e d  o r  uncavitated 

bearing. Thus i f  t h i s  type of motion e x i s t s  r e t a i n e r  sp r ings  

must be included t o  provide support f l e x i b i l i t y .  

For t h e  case of c i r c u l a r  j o u r n a l  precession, t h e  t a b l e  

shows t h e  s t i f f n e s s  and damping of t h e  cav i t a t ed  f i l m  and damp- 

ing  of t h e  uncavi ta ted  f i l m  remain e s s e n t i a l l y  constant f o r  low 

e c c e n t r i c i t y  r a t i o s .  A s  t h e  e c c e n t r i c i t y  r a t i o  inc reases  above 

0.4 t h e r e  is  a r ap id  inc rease  i n  these  p r o p e r t i e s  and they approach 

i n f i n i t y  as E approaches 1. This v a r i a t i o n  of s t i f f n e s s  i n  t h e  

c a v i t a t e d  f i l m  is very  important. A s  t h e  e c c e n t r i c i t y  becomes 

l a r g e  t h e  support  becomes more r i g i d  wi th  a corresponding in- 

crease i n  t h e  r o t o r  cr i t ical  speed. 

is increased above t h e  opera t ing  speed, t h e  phase angle  between t h e  

I f  t h e  r o t o r  cr i t ical  speed 
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rotor unbalance vector and amplitude vector becomes less than 

90'. When this condition occurs the force transmitted through 

the support structure will always be greater than the unbalance 

load. 

no hearing stiffness is generated. To obtain the stiffness re- 

quired to stabilize a rotor (see Chapter 3) it is necessary to 

use retainer springs in the support bearings. 

With an uncavitated film this problem does not occur because 

One of the most significant parameters affecting damper per- 

formance is the length to clearance ratio. The stiffness and 

damping coefficients vary RS (L/Cj3 and therefore either doubling 

the bearing length or decreasing 

crease the coefficients by a factor of 8. 

the clearance by 1/2 will in- 
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CHAPTER 3 

ROTOR-BEARING STABILITY AND *STEADY-STATE ANALYSIS 

3.1 ROTOR-BEARING STABILITY 

After  J e f f c o t t ' s  [SJ a n a l y s t s  i n  1919 of t h e  s i n g l e  m a s s  

f l e x i b l e  r o t o r  on r i g i d  bear ings ,  manufacturers began producing 

l i g h t ,  f l e x i b l e  r o t o r s  opera t ing  above t h e  f i r s t  c r i t i ca l  speed. 

However,some manufacturers encountered severe opera t ing  d i f f i -  

c u l t i e s  w i th  some of t h e i r  designs.  These machines underwent 

v i o l e n t  wh i r l i ng  whi le  running above t h e  c r i t i c a l  speed and o f t e n  

f a i l e d .  

Experimental and a n a l y t i c a l  i nves t iga t ions  by Newkirk and 

Kim'ball [ 6 ]  [73 revealed t h a t  t h e  wh i r l  i n s t a b i l i t y  w a s  no t  caused 

by unbalance i n  t h e  r o t o r ,  bu t  by i n t e r n a l  s h a f t  e f f e c t s  such as 

i n t e r n a l  f r i c t i o n .  Kimball theor ized  t h a t  f o r c e s  normal t o  t h e  

plane of t h e  d e f l e c t e d  r o t o r  could be produced by a l t e r n a t i n g  

stresses i n  t h e  m e t a l  f i b e r s  of t h e  s h a f t .  In l i g h t  of t h i s  theory,  

Newkirk concluded a l s o  t h a t  t h e  same normal f o r c e s  could be  pro- 

duced by s h r i n k  f i t s  on t h e  r o t o r  s h a f t .  By incorpora t ing  these  

fo rces  i n  J e f f c o t t ' s  model Newkirk showed t h a t  t h e  r o t o r  w a s  un- 

s t a b l e  above twice t h e  r o t o r  c r i t i ca l  speed. 

Further i n v e s t i g a t i o n  by Newkirk showed cases of r o t o r  in- 

s t a b i l i t y  which w e r e  no t  produced by s h a f t  e f f e c t s  b u t  by e f f e c t s  

i n  t h e  journa l  bear ings ,  [8J 

s t a b i l i t y  w a s  later shown t o  be due t o  l ack  of r a d i a l  s t i f f n e s s  

i n  t h e  bearing and t h e  i n s t a b i l i t y  occured a t  t w i c e  t h e  r o t o r  

One cause of j o u r n a l  bearing in- 
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cr i f ica l  speed. 

l i g h t l y  loaded r o t o r s  and l a r g e r  bearing loads  tended t o  promote 

s t a b i l i t y .  The e f f e c t  of t h e  l a r g e r  loads  i s  t o  cause c a v i t a t i o n  

of t h e  f l u i d  f i l m  which r e s u l t s  

of t h e  bearing f o r c e s  being produced. 191, [ 101, E 1 1 3  

These i n s t a b i l i t i e s  w e r e  e s p e c i a l l y  common i n  

i n  a r a d i a l  s t i f f n e s s  component 

I n  1965 Alford reported on t h e  e f f e c t s  of aerodynamic fo rces  

on r o t o r s  [121. 

equations of motion and can produce i n s t a b i l i t y .  

t h a t  l a b y r i n t h  seals and balance p i s tons  a l s o  produce fo rces  t h a t  

can promote i n s t a b i l i t y .  

H e  showed t h a t  t hese  f o r c e s  couple t h e  r o t o r  

H e  a l s o  noted 

Recent i n v e s t i g a t o r s  including Gunter, K i r k  and Choudhury 

[13] [14][15] have analyzed t h e  e f f e c t s  of suppor t  f l e x i b i l i t y  

and damping on reducing r o t o r  i n s t a b i l i t y  produced by t h e  fo rces  

j u s t  d2scribed. A s  a r e s u l t  they have der ived  s t a b i l i t y  cri teria 

f o r  determining t h e  necessary support c h a r a c t e r i s t i c s .  

One of t h e  most genera l  methods f o r  determining r o t o r  

s t a b i l i t y  is t o  d e r i v e  t h e  c h a r a c t e r i s t i c  frequency equation of 

t h e  system. The s t a b i l i t y  is given by t h e  r o o t s  of t h i s  equation. 

The real p a r t  of t h e  r o o t  corresponds t o  an exponent ia l ly  in- 

c reas ing  o r  decreas ing  func t ion  of time. 

p a r t  i n d i c a t e s  i n s t a b i l i t y  whereas a nega t ive  real p a r t  in- 

d i c a t e s  a s t a b l e  system. This type of s t a b i l i t y  a n a l y s i s  of a 

rotor-bearing system the re fo re  r equ i r e s  that the c h a r a c t e r i s t i c  

equat ion  be known. This  equation is n o t  always easy t o  obtain.  

Thus a p o s i t i v e  real 

The c h a r a c t e r i s t i c  equation is  derived from t h e  homogeneous 

second order d i f f e r e n t i a l  equations of motion of t h e  system [15]. 
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By assuming s o l u t i o n s  of t he  form 

i = 1, 2, ..., n A t  x = A e  i i  

and d i f f e r e n t i a t i n g ,  t h e  equations are s u b s t i t u t e d  back i n t o  the  

equations of motion. 

i s t ic  matrix. The determinant of t h i s  matr ix  g ives  the  c h a r a c t e r i s t i c  

equation, a polynomial of degreee 2n i n  A, where n is  t h e  number 

of degrees of freedom of t h e  system. 

The computer program SDSTB [16] w a s  used t o  produce t h e  

This produces a matr ix  known as t h e  character-  

s t a b i l i t y  maps shown i n  t h i s  chapter.  The program c a l c u l a t e s  

the  Charac t e r i s t i c  equat ion for a three-mass symmetric f l e x i b l e  

r o t o r  mounted i n  j o u r n a l  bear ings and supported i n  squeeze f i l m  

damper bearings.  The rotor-bear ing model is  shown i n  Figure (3-1). 

The r o t o r  is  assumed t o  remain s t a t i o n a r y  i n  t h e  a x i a l  d i r e c t i o n  

so  the  r o t o r  has  s i x  degrees of freedom and t h e  c h a r a c t e r i s t i c  

equation i s  the re fo re  of degree twelve. The c h a r a c t e r i s t i c  m a t r i x  

is  shown i n  Figure (3-2). 

t he  c h a r a c t e r i s t i c  equation. 

equation is  A ,  t h e  n a t u r a l  frequency of t he  system. An examina- 

The determinant of t h i s  matrix gives  

The unknown v a r i a b l e  i n  t h i s  

t i o n  of t he  c h a r a c t e r i s t i c  m a t r i x  shows t h a t  t h e  c o e f f i c i e n t s  

of A are func t ions  of t h e  r o t o r  and bearing p rope r t i e s  as w e l l  as in- 

t e r n a l  s h a f t  f r i c t i o n ,  absolu te  r o t o r  damping and aerodynamic c ros s  

coupling. 

are found by f ind ing  t h e  r o o t s  of t h i s  equation. 

The n a t u r a l  f requencies  and s t a b i l i t y  of t h e  system 

The jou rna l  and support  bear ing c h a r a c t e r i s t i c s  can e i t h e r  be 

inser ted  d i r e c t l y  as l i n e a r  c o e f f i c i e n t s  or they may be ca lcu la ted  
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i n  t h e  program from t h e  bearing parameters by so lv ing  f o r  t h e  

equilibrium pos i t i ons  of t h e  j o u r n a l  and support. These charac- 

terist ics are non-linear func t ions  of t h e  j o u r n a l  e c c e n t r i c i t y .  

The s t a b i l i t y  maps i n  this chapter  w e r e  produced wi th  t h e  l i nea r -  

ized j o u r n a l  and support bear ing  c h a r a c t e r i s t i c s  given as input  

d a t a  t o  t h e  program. 

teristics is  u s e f u l  because f o r  low e c c e n t r i c i t y  t h e  c h a r a c t e r i s t i c s  

do not  vary g r e a t l y  with changes i n  e c c e n t r i c i t y .  

al lows a l a r g e  savings i n  computer time. I f  t h e  non-linear charac- 

terist ics are ca lcu la ted ,  t h e  amount of computer time inc reases  

The assumption of l i n e a r  bearing charac- 

This assumption 

because an i t e r a t i v e  procedure is  used t o  f i n d  t h e  equilibrium 

pos i t i on .  

A s  an example of how a s t a b i l i t y  map is  proddced, consider 

t h e  following system: 

ROTOR CHARACTERISTICS 

ROTOR WEIGHT 

JOURNAL WEIGHT 

SUPPORT WEIGHT 

SHAFT STIFFNESS 

SHAFT DAMPING 

INTERNAL DAMPING 

ROTOR SPEED 

BEARING CHARACTERISTICS 

xx 
k 

k 
YY 

xx C 

675 lb s  

312 l b s  (each) 

15 l b s  (each) 

280000 l b / i n  

.10 lb -sec / in  

0.0 lb-sec / in  

10000 RPM 

1.287 x lo6 l b / i n  

1.428 x lo6 l b / i n  

1200 lb-sec/in 
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c 1290 lb-sec/ in  
.YY 
k = k  

c - c  
X y y x  

XY Yx 

0.0 l b / i n  

0.0 lb-sec/ in  

Two values  of aerodynamic c ros s  coupling w e r e  se lec ted ,  Q = 

For each va lue  of Q, severa l  20000 l b / i n  and Q = 100,000 l b / i n .  

va lues  of support  s t i f f n e s s  w e r e  s e l ec t ed  ranging from 50,000 

l b / i n  t o  500,000 l b / in .  

range of support damping va lues  from 0 t o  10000 lb-sec/ in  w a s  

For each va lue  of support  s t i f f n e s s  a 

used. Using t h i s  method a s t a b i l i t y  contour was  found f o r  a 

given value of aerodynamic c ros s  coupling and support  s t i f f n e s s .  

The r o t o r  and bearing c h a r a c t e r i s t i c s  remained unchanged. 

Figures (3-3) and (3-4) show the  s t a b i l i t y  maps f o r  t he  

above system f o r  t h e  two values  of aerodynamic c ros s  coupling. 

There is an intermediate  range of support  damping values  f o r  which 

t h e  sytem i s  s t a b l e  f o r  a g iven .va lue  of t h e  s u p p o r t - s t i f f n e s s .  

As t h e  s t i f f n e s s  is  increased t h e  system becomes less s t a b l e .  

With Q = 20000 l b / i n  the  optimum amount o€ damping ranges from 

500 t o  2500 lb-sec/ in  as t h e  s t i f f n e s s  inc reases  from 50000 t o  

500000 lb / in .  

uns tab le  f o r  a l l  values of s t i f f n e s s .  The s a m e  is  t r u e  i f  t h e  

For damping less than 100 lb-sec/ in  t h e  system is 

damping exceeds 10000 lb-secl in .  

For Q = 100000 l b / i n  t h e  optimum dampiqg is 1000 lb-sec/in 

When the  and does not  s h i f t  over t h e  s t i f f n e s s  range se lec ted .  

s t i f f n e s s  reaches 250000 l b / i n  t h e  system is uns tab le  f o r  a l l  values  

of damping. 
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The stability calculation depends upon the accuracy of the 

root solving technique applied to the characteristic equation. 

For symmetric bearing and support characteristics repeated roots 

of the equation occur and many root solving routines break d o n  

under this condition. Although no cases have been encountered 

where the root solving routine has failed, it is possible that 

some combinations of rotor-bearing properties might cause this 

to happen. However because root solving routines are generally 

easy to obtain it would be easy to replace the one currently 

in SDSTB if such a situation arose. 

The amount of computer time required to solve the character- 

istic equation depends.upon the root solving technique and the 

order of the characteristic equation. Many studies do not re- 

quire extensive stability maps and it is only necessary to de- 

termine whether the system is stable and not how stable. In 

these cases application of the Routh stability criteria 1151 gives 

the required information without solving f o r  the roots of the 

characteristic equation. This results in a savings of computer 

time. 

is available in SDSTB. 

The option of using only the Routh stability criteria: 

The method of determining the stability of the system from 

the characteristic equation becomes less practical when the order 

of the system is large. The elements of the Characteristic matrix 

must be found from the equations of motion and unless the deter- 

minant is found by a computer routine, the characteristic equation 

must be expanded by hand. Therefore complicated systems may re- 
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quire a prohibitive amount of formulation time. 

Recent research in transfer matrix and finite element 

techniques for determining the stability and natural frequencies 

of rotor bearing systems has been directed toward overcoming , 

these difficulties [17] [la]. However, because iterative pro- 

cedures are required in the solution, higher order modes may be 

expensive to obtain from the standpoint of computer time. The 

type of method used will depend on the amount o f  computer funds 

available and the availability of programs using the various 

techniques. 

3 . 2  STECIDY-STATE ANALYSIS 

The steady-state stability maps just discussed provide in- 

formation on the support characteristics needed to promote 

stability in a given rotor-bearing system. There remains the 

problem o f  relating these characteristics to the actqal support 

bearing. The squeeze bearing equations derived in Chaigter 2 in 

rotating coordinate\s are used to determine the prelimipary 

bearing design. As noted in Chapter 2, these equations were de- 

rived assuming steady-state circular, synchronous precession of 

the journal. 

The bearing characteristics, stiffness, damping and pressure 

are functions of the amplitude of the journal orbit, fluid dLs- 

cosity and bearing geometry. The addition of oil suppgy grooves, 

end seals and cavitation affect 

The steady-state equations 

the bearing characteristics. 

have been programmed on a.4igital 
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computer. This  program, SQFDAMP, analyzes three b a s i c  bearing 

configurat ions:  

1. P l a i n  bearing, no o i l  supply groove o r  end seals. 

2, 

3. 

Bearing with o i l  supply groove but  without end seals. 

Bearing with both o i l  supply groove and end seals. 

Both cav i t a t ed  and uncavitated f l u i d  f i lms  can be analyzed. 

l i s t i n g  of t h e  program with a desc r ip t ion  of t h e  input  da ta  re- 

quirements and sample output are contained i n  Appendix A. 

A 

The program ca lcu la t e s  the bearing c h a r a c t e r i s t i c s  and p l o t s  

them as func t ions  of t h e  jou rna l  e c c e n t r i c i t y  r a t i o ,  E. By 

varying t h e  bearing parameters t he  designer  is a b l e  t o  determine 

t h e  bear ing c h a r a c t e r i s t i c s  and select a bear ing configurat ion 

t h a t  w i l l  provide t h e  s t a b i l i t y  requirements of t h e  system under 

considerat ion.  

Figures  (3-5) - (3-7) show the  c h a r a c t e r i s t i c s  f o r  a bearing 

being considered f o r  t h e  675 l b  r o t o r  system described earlier. 

The bear ing has  an o i l  supbly groove and end seals, and t h e  f l u i d  

f i lm  is assumed t o  be cavi ta ted .  The bear ing parameters are, 

Length, 1.0 inches,  rad ius ,  1 .2  inches and f l u i d  v i s c o s i t y  10 

microreyns. 

t h a t  t h e  optimum support damping is about 500 lb-sec/ in  and 

For t h e  case where Q = 20000 l b / i n  it w a s  determined 

t h e  support  s t i f f n e s s  should be less than 100000 l b / i n .  

it i s  d e s i r a b l e  t o  keep t h e  e c c e n t r i c i t y  r a t i o  of t h e  journa l  

low, Figures  (3-5) and (3-6) r evea l  t h a t  t h i s  bear ing w i l l  provide 

t h e  necessary s t i f f n e s s  and damping c h a r a c t e r i s t i c s  with a clear- 

ance of about 4 m i l s  a t  an  e c c e n t r i c i t y  r a t i o  of E = .10 t o  .20. 

Because 
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Figure 3-5. Damping Coefficient for Squeeze F i l m  Bearing 
With Cavitated F i l m  - End Seals and O i l  Supply 
Groove Included. 
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Figure 3-6. Stiffness Coefficient for Squeeze F i l m  Bearing 

With Cavitated F i l m  - End Seals and O i l  Supply 
Groove Included. 
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F i g u r e  3-7. Maximum P r e s s u r e  for Squeeze F i l m  Bearing with  
Cav i ta ted  F i l m  - End S e a l s  and O i l  Supply 
Groove Included.  
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This corresponds t o  a jou rna l  o r b i t  of 0 . 4  t o  0.8  m i l s  amplitude. 

The maximum hydrodynamic pressure  i n  t h e  bear ing is a6out 100 

p s i  f o r  t h i s  clearance.  I f  t he  f l u i d  f i l m  c a v i t a t e s ,  t h e  re- 

s u l t i n g  c h a r a c t e r i s t i c s  are shown i n  Figures  (3-8) and (3-9). 

A s l i g h t l y  l a r g e r  clearance,  5.9 m i l s ,  w i l l  produce t h e  optimum 

damping. However, because t h e  uncavi ta ted f i l m  does not  produce 

an equivalent  s t i f f n e s s ,  r e t a i n e r  sp r ings  must be incorporated 

i n  t h e  bearing. 

spr ing  rate may be obtained from them. 

I f  t he  end seals are f l e x i b l e  the  required 

One advantage of the  uncavi ta ted f i l m  is t h a t  i f  t h e  jou rna l  

e c c e n t r i c i t y  r a t i o  should become very l a r g e ,  t h e r e  is no rise .in 

s t i f f n e s s  t h a t  could cause t h e  system t o  -become uns tab le  o r  

raise the  c r i t i c a l  speed above t h e  operat ing speed. Figures (3-5)  

and (3-8) i n d i c a t e  t h a t  even a t  e c c e n t r i c i t y  r a t i o s  of 0.9 t h e  

damping va lue  s t i l l  remains acceptable .  For t h e  cav i t a t ed  f i lm  

at E = . 9 ,  t h e  s t i f f n e s s  exceeds 2,000,000 l b / i n  and t h e  system 

would be  bordering on i n s t a b i l i t y .  For both f i lms  t h e  maximum 

pressure  exceeds 70000 p s i .  a t  E = 0.9 and t h i s  l a r g e  a r o t a t i n g  

pressure  f i e l d  could r e s u l t  i n  bear ing f a i l u r e .  

I f  Q = 100000 l b / i n ,  t he  bear ing c h a r a c t e r i s t i c  graphs 

r evea l  that f o r  a cavi ta ted  f i l m  t h e  clearance musf be as s m a l l  

as poss ib le  because of t he  l i m i t a t i o n s  on s t i f f n e s s  sbown i n  

Figure ( 3 - 4 ) .  With a 3.0 m i l  c learance ,  t h e  s t i f f n e s s  is 250000 

l b / i n  a t  E = 0.23 

s t a b i l i t y .  

bearing lengths  and r a d i i  t o  ob ta in  a c a v i t a t e d  bearihg which pro- 
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and t h i s  s t i f f n e s s  w i l l  produce system in- 

For Q = 100000 l b / i n  it is d e s i r a b l e  t o  s tudy o ther  
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duces t h e  requi red  damping a t  low e c c e n t r i c i t y  r a t i o s  and a l s o  

produces a s t i f f n e s s  of 100000 l b / i n  o r  less. 

f i lm  a 3.0 m i l  c learance  provides adequate damping. 

For an  uncavitated 

The s teady-s ta te  bear ing  c h a r a c t e r i s t i c  equations used i n  

conjunction wi th  t h e  s t a b i l i t y  a n a l y s i s  based on s t eady- s t a t e  

motion provide an exce l l en t  means of determining bearing con- 

f igu ra t ions .  Using t h e  methods j u s t  described, good preliminary 

designs can be obtained which can be more thoroughly analyzed. 

The s teady-s ta te  a n a l y s i s  described he re  and t h e  t r a n s i e n t  a n a l y s i s  

described i n  t h e  next chapter provide bearing design cri teria 

which w i l l  e l imina te  t h e  experimental  t e s t i n g  of unsu i t ab le  de- 

signs.  The c o s t s  of t h e  a n a l y s i s  more than o f f s e t  t h e  experimental 

l o s ses  when des igns  are t e s t e d  t h a t  r e s u l t  i n  bearing o r  machine 

f a i l u r e .  
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CHAPTER 4 

TRANSIENT ANALYSIS 

4 .1  INTRODUCTION 

There are a number of opera t ing  condi t ions  i n  which the  

squeeze bearing j o u r n a l  does not  o r b i t  t h e  bearing center  i n  

c i r c u l a r  synchronous precession, These conditions can occur when 

t h e r e  i s  a u n i d i r e c t i o n a l  load on t h e  r o t o r  o r  when the re  i s  a 

suddenly applied load such as t h e  a p p l i c a t i o n  of unbalance when 

b lade  l o s s  occurs. I n t e r m i t t e n t  o r  c y c l i c  fo rces  transmitted 

t o  t h e  machine from nearby equipment can a l s o  r e s u l t  i n  non- 

l i n e a r  o rb i t i ng .  Under these  condi t ions  t h e  bearing s t i f f n e s s  

and damping c o e f f i c i e n t s  developed i n  Chapter 2 are no longer 

app l i cab le  and a t ime-transient a n a l y s i s  of t h e  bearing i s  

necessary t o  determine t h e  squeeze bearing suppor t ' s  a b i l i t y  t o  

r e s t a b l i z e  t h e  system. 

The equation f o r  t h e  squeeze f i l m  damper f l u i d  f i l m  fo rces ,  

i n  f ixed  coordinates,  equation (2-19). provides a use fu l  means of 

determining t h e  t i m e  dependent t r a n s i e n t  behavior of a r o t o r  

bearing system. 

d i g i t a l  computer and combined wi th  t h e  j o u r n a l  equations of motion. 

The r e s u l t i n g  program, BRGTRAN [19] t r a c k s  t h e  jou rna l  motion 

forward i n  t i m e  under t h e  in f luence  of t h e  bearing fo rces ,  j o u r n a l  

weight and unbalance. The program i s  capable of including t h e  

e f f e c t s  of r e t a i n e r  sp r ings  and cav i t a t ion .  

The f o r c e  equations have been programmed on a 

Because both t h e  bearing p res su re  equation and t h e  j o u r n a l  
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equations of motion must be in t eg ra t ed ,  t h e  accuracy of t h e  s i m -  

u l a t i o n  depends upon t h e  numerical i n t e g r a t i o n  method used. Two 

i n t e g r a t i o n  methods, Adam-Bashforth-Moulton Predictor-Corrector,  

and 4 t h  Order Runge- Kutta,  are provided as opt ions  i n  BRGTRAN 

Although t h e  4 t h  Order Runge-Kutta method i s  highly accura te ,  

four  f u n c t i o n a l  eva lua t ions  of t h e  pressure  equation are requi red  

f o r  each s t e p  i n  t i m e .  Even though t h e  requi red  t i m e  s t e p  s i z e  

may be l a r g e r  us ing  t h e  Runge-Kutta method, t h e  t o t a l  computer 

time requi red  is st i l l  g r e a t e r  than o ther  methods because of t h e  

many f u n c t i o n a l  eva lua t ions .  

The Adams-Bashforth-Moulton method has  been found t o  be 

s u f f i c i e n t l y  accu ra t e  f o r  most cases run i f  t h e  t i m e  s t e p  has  

been made s u f f i c i e n t l y  s m a l l ,  o r  about 0.01 cyc les .  A t  low 

e c c e n t r i c i t i e s  no problems are encountered i n  t h e  i n t e g r a t i o n  

process and t h e  s o l u t i o n s  are accura t e  f o r  both methods. The 

changes i n  t h e  bear ing  f o r c e s  are r e l a t i v e l y  small from one t i m e  

s t e p  t o  t h e  next and even a xery simple i n t e g r a t i o n  method such 

as t h e  Modified Euler Method provides reasonable accuracy. 

a t  high e c c e n t r i c i t i e s  t h e  bearing f o r c e s  change d r a s t i c a l l y  wi th  

However 

even a very  s m a l l  change i n  e c c e n t r i c i t y .  

cated i n t e g r a t i o n  schemes l o s e  accuracy when t h e  e c c e n t r i c i t y  is 

high  un le s s  t h e  t i m e  s t e p  is made very s m a l l .  

computer time and co re  s to rage  requi red  f o r  a s m a l l  time s t e p  

becomes p roh ib i t i ve .  This is e s p e c i a l l y  t r u e  i n  l i g h t  of t h e  

fact t h a t  a t  high e c c e n t r i c i t i e s  t h e  v a l i d i t y  of t h e  s h o r t  bear- 

ing  approximation used i n  reducing t h e  Reynolds equation is 

Even t h e  more soph i s t i -  

The amount of 
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doubtful.  

assumed t h a t  t h e  pressure  grad ien t  i n  t h e  t angen t i a l  d i r e c t i o n  

is  s m a l l ,  and t h i s  assumption may be v io l a t ed  a t  high eccent- 

r ic i t ies .  

I n  using t h e  s h o r t  bear ing approximation i t  w a s  

It w a s  a l s o  shown i n  Chapters 2 and 3 t h a t  a t  high eccent- 

r ici t ies the  bear ing s t i f f n e s s  becomes very la rge .  This can 

r e s u l t  i n  s y s t e m  i n s t a b i l i t y  as ind ica ted  i n  the  s t a b i l i t y  maps, 

Figures (3-3)  and ( 3 - 4 ) ,  or  i n  r a i s i n g  the  system c r i t i c a l  speed 

above the  operat ing speed causing l a r g e  forces  t o  be t ransmit ted 

t o  The machine s t ruc tu re .  For these  reasons the  design c r i t e r i a  

of ~ < 0 . 4  w a s  es tab l i shed  and i t  i s  unnecessary t o  use excessive 

computer t i m e  t o  ob ta in  g r e a t e r  accuracy a t  higher  e c c e n t r i c i t e s .  

The information provided a t  t hese  e c c e n t r i c i t e s  i s  very use fu l  

i n  showing t rends i n  t h e  a b i l i t y  of a bearing t o  perform adequate- 

l y  and should be used with t h i s  r e s t r i c t i o n  kept i n  mind. A l s o  

recent  

pu ter  s imulat ion thereby avoiding t h e  d i f f i c u l t i e s  inherent  i n  

t r a n s i e n t  ana lys i s  has  beea performed using hybrid com- 

numerical i n t eg ra t ion .  [203 

4.2 ANALYSIS 

Using a t i m e  t r a n s i e n t  "earing program, a design engineer can 

make an ana lys i s  of t h e  bear ing e f f e c t s  without r e so r t ing  t o  

e i t h e r  a compdete t ime-transient  a n a l y s i s  of t h e  en t i re  ro tor -  

bearing system o r  a c o s t l y  experimental  program during the 

prel iminary design s tage.  During later design s t ages  when t h e  

44 



bear ing ,conf igura t ion  has been t e n t a t i v e l y  fixed, a more com- 

p l e t e  t h e o r e t i c a l  and experimental  a n a l y s i s  of the e n t i r e  

system may be  performed. The bear ing f o r c e  ca l cu la t ions  have 

a l s o  been incorporated as a subrout ine i n  a computer program 

which analyzes  t h e  t r a n s i e n t  behavior of c e r t a i n  rotor-bearing 

models [21]. By using these  programs t o  determine t h e  bear ing 

parameters experimental  v e r i f i c a t i o n  of the bear ing  e f f e c t s  

can be performed with more assurance t h a t  the design is  f e a s i b l e ,  

and c o s t l y  and t i m e  consuming machine pro to type  f a i l u r e s  can be 

reduced. 

The computer program BRGTRANwas r e c e o t l y  used as p a r t  of 

an ana lys i s  of an  e x i s t i n g  turbomachine which had suf fered  

frequent  bear ing f a i l u r e s .  The manufacturer had decided t o  use  

a squeeze f i l m  damper bear ing t o  reduce t h e  v i b r a t i o n  amplitudes 

a t  t h e  f a i l i n g  bearings.  Without performing a complete ana lys i s  

of t he  bear ing e f f e c t s ,  an  experimental  program w a s  i n i t i a t e d  

where var ious  bear ing conf lgura t ions  w e r e  i n s t a l l e d  on a test 

machine. The damper bear ings used d id  n o t  dampenlout t h e  v ib ra t ions  

and much t i m e  and money w a s  l o s t  during t h e  p ro jec t .  

The following d iscuss ion  of t h e  computer s imulat ion of t h i s  

system shows the  e f f e c t  of varying t h e  rotor-bear ing parameters 

including bear ing lengch, unbalance, c a v i t a t i o n  and retainer spr ings .  

In t h i s  study of t h e  problem, the a n a l y s i s  made using BRGTRAN 

showed why t h e  bear ings used w e r e  unable t o  reduce v ib ra t ion  am- 

pl i tudes .  Figure (4-1) shows the j o u r n a l  o r b i t  i n  a cavi ta ted  
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Figure 4-1. Unbalanced Rotor i n  Cavitated Squeeze F i l m  
Bearing - L = 0.45 IN.  - Unbalance Eccentricity 
= 0.002 IN. - No Retainer Spring. 
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f i lm during the  f i r s t  10 cycles of t rans ien t  motion. 

ing parameters are: 

The bear- 

LENGTH - 0.45 inches 

RADIUS - 2.55 inches 

CLEARANCE - 0.004 inches 

FLUID VISCOSITY - 0.38 X 10-6 

JOURNAL WEIGHT - -74 lbs .  

UNBALANCE ECCENTRICITY - 0.002 inches 

RETAINER SPRING RATE 

Kxx - 0 l b / i n  

KYY - 0 l b / i n  

N - 16800 RPM 

In  the t r ans i en t  o r b i t  f igures  a standard right-hand co- 

ordinate  system has been adopted with pos i t ive  journa l  ro ta t ion  

i n  the counterclodwise direct ion.  The-asterisk on the o r b i t  

represents the  pbint where the  maximum fo rce  is  generated. 

The s m a l l  dots  represent timing marks denoting one Eevolution 

of shaf t  motion, These marks can be used t o  determine the  re- 

l a t i v e  locat ion of the unbalance with respect  t o  the  amplitude 

i n  the x-direction. The timing mark sensor is assumed t o  be 

located on the  pos i t ive  x-axis, and the phase angle is measured 

from the  x-axis t o  the timing mark i n  the  clockwise direct ion.  

Returning .to Figure (4-1), it is  seen t h a t  t he  journal  very 

quickly s p i r a l s  out t o a n  eccent r ic i ty  r a t i o  E = 0.95, where a 

l i m i t  cycle is formed due t o  the  non-linearity of the  bearing 

forces. The maximum force transmitted through the  support 
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s t r u c t u r e  is  ,7405 l b s ,  which i s  over 6 times t h e  r o t a t i n g  un- 

balance load  of 1181 l b s .  as shown by t h e  parameter TRI) 

Figure (4-1)* This l a r g e  r o t a t i n g  f o r c e  w i l l  eventua l ly  l ead  

t o  bear ing  f a i l u r e  and i s  the re fo re  undesirable.  

The phase angle between the maximum amplitude i n  t h e  x 

d i r e c t i o n  and t h e  timing mark is approximately 30", and t h i s  

i n d i c a t e s  t h a t  t h e  precess ion  rate i s  less than t h e  n a t u r a l  

frequency of t h e  bearing. This has been caused by t h e  l a r g e  

s t i f f n e s s  developed i n  t h e  bearing. F igure  (4-2) shows t h a t  

t h e  s t i f f n e s s  is  approximately 487,000 l b / i n .  

given i n  Figure (4-3) as 71.5 lb-sec/in.  

The damping is  

One poss ib l e  design change considered w a s  t o  i nc rease  

t h e  bear ing  length ,  Figure (4-4) shows t h e  e f f e c t  of increas- 

i ng  t h e  bearing length  of 0.90 inches,  a l l  o the r  parameters 

remaining t h e  same, The j o u r n a l  s t i l l  s p i r a l s  outward, how- 

ever the l i m i t  cyc l e  is  produced a t  an  e c c e n t r i c i t y  r a t i o ,  E = 

0.88. T h i s  r e s u l t s  i n  a reduct ion  i n  t h e  f o r c e  t ransmi t ted  t o  

t h e  support  frorr 7405 t o  3371lbs . ,  b u t  it is  s t i l l  g r e a t e r  

than t h e  r o t a t i n g  unbalance load, and i s  undes i rab le  s i n c e  bear- 

i ng  f a i l u r e  w i l l  r e s u l t .  

30" t o  60" and t h i s  would have been accompanied by an inc rease  

i n  t h e  f o r c e  t ransmi t ted  except t h a t  t h e  s t i f f n e s s  and damping 

va lues  have a l s o  changed wi th  the net e f f e c t  belng a reduct ion  i n  

t h e  t r ansmissab i l i t y .  The s t i f f n e s s  and damping c o e f f i c i e n t s  are 

shown i n  Figures (4-5) and (4-6) t o  be 880000 l b / i n  and 22 lb- 

The phase angle  has  s h i f t e d  from 
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SQUEEZE FILM DRMPER 
OIL SUPPLY GROOVE RNO SERLS - 

cu L= .U5 .IN. 
PS= 0.0000 PSL 

Figure 4-2. Stiffness  Coefficient for Squeeze F i l m  Bearing 
of Figure (4-1). 
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SQUEEZE FILM ORMPER 

CQVITRTIBN 
N OIL SUPPLY GROOVE FINO SERLS 
0 

Figure 4-3. Damping Coefficient for Squeeze Film Bearing 
of Figure (4-1). 
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SQUEEZE FILM BERRING 
CAVITRTED FILH 

Hi3RIZoNTRL Qtrc w- ?I.drmz 

w =  73-U LBS N = 16800 RPH 
L =  -900 IN R = 2.550 I N  
c =  4-00 M I L S  MU = .302 MICROREYNS 
PS = 0.00 PSI FMFIX= 3371.0 LBS 

FU = 1177.10 LBS ENU = -50 
KRX = 0 LWIN KRY = 0 LD’IN 
TRD = 2.66 ?MQ% 3fJ2as.x PSI 

ux 0.00 L6S WY = O e O O  LBS 

Figure 4-4 .  Unbalanced Rotor in Cavitated Squeeze Film Bear- 
ing L = 0.90 IN. - Unbalance Eccentricity = 
0.002 IN. - No Retainer Spring. 



SQUEEZE F IL  
D13[VE FlND S 

CQVITFITION 0 
4 

Nr lfB00.0 R H .  
R =  2-55 IN. 
L= -90 IN- 

Figure 4-5. Stiffness Coefficient for Squeeze F i l m  Bearing 
of Figure (4-4). 



SQUEEZE FILM DRMPER 
e OIL SUPPLY GROOVE FIND SEALS 
53 x CRVITflTICIN 
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N= 16600.0 RPd. 
A= 2-55 IN. 

0 L= -90 IN. 
0 
-I 
x 
4 

-0 - 6  1.0 
E C ~ E N T R I ~ ~ T Y  - [DIM) 

Figure 4-6. Damping Coefficient for Squeeze F i l m  Bearing of 
Figure (4 -4 )  e 
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s e c l i n  r e spec t ive ly  . 
Figure (4-7) shows t h e  f i r s t  10 cyc le s  of motion f o r  t h e  

bearing conf igura t ion  of Figure (4-1) wi th  t h e  a d d i t i o n  of re- 

t a i n e r  spr ings  wi th  a s t i f f n e s s  of 123000 l b / i n .  

s l i g h t  improvement i n  f o r c e  transmission r e s u l t s ,  and t h e  bearing 

is  s t i l l  unacceptable. 

Only a very 

The e f f e c t  of changing t h e  r o t a t i n g  unbalance load is 

shown i n  Figure (4-8). The bearing conf igura t ion  i s  t h e  s a m e  

as Figure (4-4) except t he  unbalance has been reduced by one 

h a l f .  

t ransmi t ted  t o  t h e  support s t r u c t u r e  i s  reduced t o  only 80% of 

t h e  unbalance load. 

o f f s e t  from t h e  bearing center .  

The j o u r n a l  o r b i t  has  been g r e a t l y  reduced and t h e  f o r c e  

The j o u r n a l  is now precessing about a po in t  

By a d d i n g . r e t a i n e r  spr ings  t o  t h e  bearing of Figure ( 4 - 8 )  

t h e  motion i n  F igure  (4 -9)  r e s u l t s .  The r e t a i n e r  sp r ing  rate 

is  123,000 l b / i n .  

t h e  bearing a t  an  e c c e n t r i c i t y  r a t i o  of E = 0.35. 

motion is  s t a b i l i z i n g  more quickly than without t h e  r e t a i n e r  

The jou rna l  i s  o r b i t i n g  about t h e  cen te r  of 

The j o u r n a l  

spr ings  and t h e  j o u r n a l  i s  precessing synchronously as ind ica t ed  

by t h e  s m a l l  d o t s  on t h e  o r  b i t  which r ep resen t s  one cyc le  of 

motion. 

65% of t h e  unbalance load. From t h e  s tandpoin t  of producing 

a s m a l l  amplitude o r b i t  and a t t enua t ing  t h e  unbalance load such 

a bearing conf igura t ion  i s  des i r ab le .  

The t ransmi t ted  f o r c e  has been f u r t h e r  reduced t o  only 

I f  t h e  unbalance e c c e n t r i c i t y  is 3gAin increased t o  0.002 

inches, t h e  bear ing  conf igura t ion  of F igure  (4-9) is  no longer 
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w =  73.7 
L =  . US0 
c =  4.00 
PS = 0.00 
wx = 0.00 
FU = 1181.91 
KRX = 123000 
TRD = 6.20 

SQUEEZE FILN BEFIRING 
CRVITFITED FILH 

HORIZONTFIL cRslc sslru 

LBS N = 16800 RPM 
IN R = 2.550 I N  
MILS NU = .302 MICROREYNS 
PSI FMFIX= 7331.3 LBS 
L3S HY = 0.00 LBS 
LBS ENU - .) so 
L W I N  KRY = 123000 LEVIN 

PH!?X= 12510.22 PSI 

Figure 4-7. Unbalanced Rotor i n  Cavitated Squeeze F i l m  Bear- 
ing - L = 0.45 I N .  - Unbalance Eccentricity = 
0.002 IN.  - Retainer Spring Stiffness ,  XR = 
123# 000 LB/IN. 
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H =  
L =  
c =  
PS = 
OJX = 
FU = 
KRX = 
TRD = 

SQUEEZE FILM BERRING 
CRVITFITED FILII 

HBRIZBNTFIL b)Jc Ld. szS7uU 

73.7 LBS N = 16000 ffPN 
,900 I N  R = 2.550 IN 
4-00 NILS MU = -362 MICRaREYNS 
0.00 P S I  FMflX= Y70.0 LBS 
0.00 LBS HY = 0.00 LBS 

590.96 LBS EMU = . 25 
0 LB/IN KRY = 0 L W I N  
60 PNm= 52.26 PSI 

Figure 4-8. Unbalanced Rotor i n  Cavitated Squeeze F i l m  Bear- 
ing - L = 0.90 I N .  - Unbalance Eccentricity = 
0.001 I N .  - No Retainer Spring 
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u =  
L =  
c =  
PS = 
wx = 
FU = 
KRX = 
TRD = 

SQUEEZE FILM BERRING 
CRVITATED FILM 

HORIZONTRL 36111t 

73.7 LBS N = 16800 RPN 
,900 I N  R = 2,550 I N  
u.00 HILS flu - -302 HICROREYNS 
0.00 PSI FMRX= 36S0Y LBS 
0.00 LES WY = 0.00 LBS 

590-36 LBS EHU = -25 
123000 L B l I N  KRY = 123000 LEVIN - 65 ? M X =  Y6009 PSI 

Figure 4-9. Unbalanced Rotor in Cavitated Squeeze Film Bear- 
ing - L = 0.90 IN - Unbalance Eccentricity = 
0.001 IN. - Retainer Spring Stiffness, KR = 
123,000 =/IN. 
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acceptable.  The r e su  

shown i n  Fig r n a l  i s  o r  E =  

and t h e  t ransmi t ted  f o r c e  i s  - 
balance load. 

Although t h i s  p a r t i c u l a r  a n a l y s i s  inc ludes  only t h e  jou rna l  

weight and t h e  unbalance loading, i t  shows t h e  usefu lness  of 

t h i s  program i n  determining the bearing e f f e c t s  with d i f f e r e n t  

bearing parameters. The a b i l i t y  t o  perform t h e  a n a l y s i s  without 

ex tens ive  preliminary experimental work provides a g r e a t  savings 

i n  t i m e  and money. By’.systematically vary ing  t h e  bearing para- 

meters design guide l ines  are e s t ab l i shed ,  

For ins tance  Figures (4-12 - (4-15) shows t h e  e f f e c t  of 

varying t h e  unbalance on a 675 l b .  j o u r n a l  opera t ing  i n  a squeeze 

bearing wi th  a 7 m i l  c learance ,  

increased from 1.75 t o  3.5 m i l s  w i th  an  accompanying inc rease  

i n  t h e  j o u r n a l  amplitude and t h e  f o r c e  t ransmi t ted  t o  t h e  support 

The unbhlance e c c e n t r i c i t y  is 

s t r u c t u r e .  Although t h e  exac t  unbalance may n o t  be known pre- 

be made based on 

d o blade l o s s  

depos i t s  from e su r faces .  P r i o r  t o  

o l e r a b l e  
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H =  73.7 
L =  -908 
c =  u. 00 
PS = 11000.00 
wx = 0.08 
FU = 1181.91 
KRX = 123000 
TRD = c 95 

SQUEEZE FILM BEARING 
UWCRVITRTEO FILM 

HORIZONTAL ,,,. Xm@ 

LE5 N = 16800 RPM 
?N R = 2.550 IN 
HILS MU = -382 MICROREYNS 
PSI  FMAX= 1123.5 LSS 
LBS WY = 0.00 LBS 
LBS EMU = . so' 
LEVIN KRY = 123000 LEV114 

PMX= 390.37 PSI 

Figure 4-11. Unbalanced Rotor i n  Uncavitated Squeeze F i l m  Bear- 
ing - L = 0.90 I N .  - Unbalance Eccentricity = 
0.002 I N .  - Retainer Spring St i f fness ,  KR = 
iz3,aoo LB/IN. 
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H =  
L =  
c =  
PS = 
wx = 
FU = 
KRX = 
TRD = 

675.0 
2.000 
7.00 
0- 00 
0.00 

3699.90 
50000 - 74 

SQUEEZE FILM BEflRING 
CRVITflTEO FILM 

VERTICRL cnsr Ma. scmro 
L8S N =  10500 RPM 
IN R = 3.500 IN 
MILS MU = 2-490 HICROREYNS 
PSI FMFIX= 2725.1 LBS 
LBS WY = 0.00 LBS 
LBS EMU = -2s 
L W I N  KRY = 50000 LB/IN 

PMRX= 131.98 P S I  

Figure 4-12. Vertical Unbalanced Rotor i n  Squeeze Film Bear- 
i n g  - Effec t  of Unbalance Magnitude - Unbalance 
Ecden t r i c i ty  = 1.75 f i l s  

61 



SQUEEZE FILM BEARING 
CRVITRTEO FILH 

VERTICAL as(E ME. wo7u 

W = 675-0 LBS N = 10500 RPM 
L = 2.000 IN R = 3 S O D  I N  
c =  7.00 MILS MU = 2.430 MICROREYNS 
PS = 0.00 PSI FMRX= 11368.2 LBS 
wx = 0-00 LBS WY = 0.00 LBS 
FU = 4439-88 LBS EMU = .) 30 
KRX = 50000 LB/IN KRY = 50000 L E V I N  
TRD = 98 PMflX= 181.61 PSI 

Figure 4-13. Vertical Unbalanced Rotor in Squeeze F i l m  Bear- 
ing - Effect of Unbalance Magnitude - Unbalance 
Eccentricity = 2.10 Mils. 
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SQUEEZE FILM BERRING 
CflVITflTEO FILM 

VERTICQL dlsl w. 4oNz 
H = 675.0 LBs N = 10500 RPN 
L = 2.000 IN R = 3.500 IN 
c =  7.00 MILS MU = 2.490 MICROREYNS 
PS = 0.00 PSI FMflX= 6267.7 LBS 
wx = 0.00 LBS HY = 0.00 LBS 
FU = 5179.66 LBS EMU = .35 
KRX = 50000 LB/IN KRY = 50000 L B / I N  
TRD = 1.21 PMflX= 270-45 P S I  

Figure 4-14. Vertical Unbalanced Rotor i n  Squeeze F i l m  Bear- 
ing - Effect of Unbalance Magnitude - Unbalance 
Eccentricity = 2.45 Mils. 
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SQUEEZE FILM BEflRING 
CfiVITflTEO FILM 

HORIZONTflL 32sU.l 

H = 675.0 LBS N =  10500 RPM 
L =  2.000 IN R = 3.500 I N  
c =  7.00 MILS MU = 2.‘420 MICROREYNS 
PS = 0.00 P S I  FMfiX= 15821-U LBS 
wx - 0.00 LBS WY = 0.00 LBS 
FU = 7399.81 LBS EMU = . so 
KRX = 50000 LB/IN KRY = SO000 LB/IN 
TRO = 2.15 PMFIX= ‘4699.92 PSI 

Figure 4-15. Vertical Unbalanced Rotor in Squeeze Film Bear- 
ing - Effect of Unbalance Magnitude - Unbalance 
Eccentricity = 3.50 Mils. 
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l e v e l s  u n t i l  t h e  machine i s  shut  down or i ts  opera t ing  condi t ions  

changed can be  determined. 

180O t o  90" as t h e  e c c e n t r i c i t y  increases .  

Note the  s h i f t  i n  phase angle from 

It has  been shown t h a t  retainer sp r ings  h e l p  cen te r  t h e  

j o u r n a l  and reduce t h e  v i b r a t i o n  amplitude. They may a l s o  be 

used t o  prevent o i l  leakage from t h e  end of t h e  bearing i f  they 

are of t h e  0 r i n g  type. A s  noted i n  Chapter 2,  t h e  uncavitated 

f i l m  provides no equiva len t  s t i f f n e s s  when t h e  j o u r n a l  i s  operat- 

ing i n  synchronous precess ion  about t h e  bear ing  c e n t e r .  I n  t h i s  

case  t h e  use of a r e t a i n e r  spr ing  t o  provide a r e s t o r i n g  f o r c e  

i n  t h e  bear ing  i s  necessary. Although an i n c r e a s e  i n  s t i f f n e s s  

r e s u l t s  i n  cen te r ing  t h e  j o u r n a l  i n  t h e  bear ing ,  (see Figures  (4-16) 

(4-19) t h e  magnitude of t h e  transmitted f o r c e  i s  minimized f o r  some 

in te rmedia te  va lue  of s t i f f n e s s  which depends on t h e  bearing para- 

meters and loading. A l s o  t h e  a b i l i t y  of t h e  j o u r n a l  t o  quickly 

r e t u r n  t o  a s t a b l e ,  s teady  s ta te  opera t ing  c o n d i t i o n I s  impaired 

wi th  inc reas ing  s t i f f n e s s .  

w e r e  i nd ica t ed  by t h e  s t a b i l i t y  maps i n  Chapter 3 .  

Both of t hese  opera t ing  condi t ions  

Af t e r  t h e  preliminary bearing design, a more thorough 

a n a l y t i c  s tudy  _may be made by incorpora t ing  the damper bearing 

e f f e c t s  i n t o  a program which inc ludes  t h e  dynamic e f f e c t s  of t h e  

e n t i r e  system. Although such programs are n o t  r e a d i l y  a v a i l a b l e  

f o r  many complex systems, one has been developed f o r  a t h r e e  mass 

r o t o r  i n  j o u r n a l  bearings on a squeeze f i l m  bear ing  support  as 

noted earlier. The  r o t o r  bearing model is shown i n  Figure  (3-1). 

This  program may be  used t o  c a l c u l a t e  t h e  a b i l i t y  of squeeze 
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H =  
L =  
c =  
PS = 
wx = 
FU = 
KRX = 
TRD = 

SQUEEZE FILM BERRING- 
CRVITRTED FILH 

HORIZONTFlL EAK lo. =sm2 
675.0 LEE N = 10500 RPM 
2.000 I N  A = 3.500 IN 
15.00 N I L S  MU f 2.U90 MICROREYNS 
0.00 PSI FMRX= 1867.2 LBS 
0.00 LBS HY = 0.00 LBS 

951.110 LBS EMU = -03 
0 LB/IN KRY = 0 LB/IN 

1.96 PMRY= 301.39 PSI 

Figure 4-16. Horizontal Unbalanced Rotor i n  Squeeze Film Bear- 
ing - Effect of Retainer Springs - Retainer 
Spring Stiffness, KR = 0 LB/IN. 
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w =  
L =  
c =  
PS = 
wx = 
FU = 
KRX = 
TRD = 

675.0 
2- 000 
15.00 
0.00 
0.00 

351.110 
50000 
1-11 

SQUEEZE FILM BERRING 
CClVITRTEO FILM 

HORIZONTRL uo. 3zS7ui3 

LBS N =  10500 RPN 
I N  - K  = 3-500 IN 
MILS MU = 2.1190 MICRLIREYNS 
P S I  FMRX= 105U.1 LBS 
LBS WY = 0.00 LBS 
LBS EMU = -03 
LB/IN KRY = 50000 LWIN 

PMRX= 99.Y1 P S I  

Figure 4-17. Horizontal Unbalanced Rotor i n  Squeeze F i l m  Bear- 
ing - Effect of Retainer Springs - Retainer 
Spring St i f fness ,  KR = 50,000 LB/IN. 
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w =  
L =  
c =  
PS = 
wx = 
FU = 
KRX = 
TRD = 

675- 0 
2.000 
15.00 
0- 00 
0.00 

351.110 
100000 

.. 98 

SQUEEZE FILM BEF-IRING 
CRVITRTED FILM 

HBRIZBNTflL ,,,. 8QIu1 

LBS N = 10500 RPM 
I N  R = 3.500 I N  
MILS MU = 2490 MICROREYNS 
P S I  FMFIX= 936.7 LBS 
LBS WY = 0.00 LBS 
LBS EMU = .03 
LB/ IN KRY = 100000 LB/IN 

PMflX= 6.10 P S I  

Figure  4-18. Hor i zon ta l  Unbalanced Rotor  i n  Squeeze Fi lm Bear- 
i n g  - E f f e c t  of Re ta ine r  Spr ings  - Reta ine r  
Spr ing  S t i f f n e s s ,  KR = 100,000 LB/IN. 
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w =  
L =  
c =  
PS = 
wx = 
FU = 
KRX = 
TRO = 

SQUEEZE FILM BEflRING 
CRVITFITEO FILM 

HORIZONTGL - nRuIs 

675.0 LBS N =  10500 RPN 
2-000 I N  R = 3.500 I N  
15-00 MILS MU = 2.1190 MICRDREYNS 
0.00 PSI FMRX= 1029.3 L8S 
0- 00 L6S WY = 0.00 LEE 

351.110 LBS EMU = .03 
200000 LB/IN KRY = 200000 LB’IN 
1.00 PMFIX= 9.18 PSI 

Figure 4-19. Horizontal  Unbalanced Rotor i n  Squeeze F i l m  Bear- 
i n g  - Effec t  of Retainer Springs - Retainer 
Spring S t i f f n e s s ,  KR = 200,000 LB/IN. 
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f i l m  bear ings  t o  s t a b i l i z e  a multi-mass r o t o r .  In  addtion, in- 

formation may be  obtained t o  v e r i f y  t h e  s t a b i l i t y  maps obtained 

by o the r  means (see  Chapter 3 ) .  

deslgned using t h e  cr i ter ia  derived from a s t a b i l i t y  ana lys i s  

such v e r i f i c a t i o n  is u s e f u l  i n  judging t h e  o v e r a l l  worth and 

Because the bear ing  is  i n i t i a l l y  

l i d i t a t i o n s  of t h e  a n a l y t i c a l  design process.  Using these  analy- 

tical methods l e a d s  to a more e f f i c i e n t  ‘ t e s t i n g  program because 

unacceptable bearing designs are e l imina ted  be fo re  t e s t i n g  begins. 
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CHAPTER 5 

CONCLUSIONS AND RECOMMENDATIONS 

The problem of r o t o r  a b i l i t y  is of cur ren  

because of t h e  h igh  speeds and complex dynamics of modern r o t o r  

bearing systems. Damped f l e x i b l e  supports have a g r e a t  e f f e c t  

on t h e  a b i l i t y  of a system t o  suppress uns t ab le  whi r l .  

f o r e  t h e r e  is  a need f o r  methods of p red ic t ing  r o t o r  i n s t a b i l i t y  

There- 

and obta in ing  bearing designs t h a t  provide t h e  necessary support 

c h a r a c t e r i s t i c s .  

5.1 PREDICTING ROTOR INSTABILITY 

Methods f o r  determining t h e  s t a b i l i t y  of r o t o r  bear ing  systems 

include: 

1. Using t h e  ro torebear ing  system equations of motion in- 

cluding t h e  e f f e c t s  of aerodynamic fo rces ,  s h a f t  damp- 

ing  and i n t e r n a l  f r i c t i o n  t o  ob ta in  t h e  system 

c h a r a c t e r i s t i c  equation. 

show t h e  s t a b i l i t y  and n a t u r a l  f requencies  of t h e  

system, 

The r o o t s  of t h i s  equation 

2. Using f i n i t e  element and t r a n s f e r  mat r ix  methods t o  

ob ta in  t h e  system s t a b i l i t y  and n a t u r a l  frequencies.  

Applying Routh s t a b i l i t y  c r i t e r i o n  t o  t h e  system 

c h a r a c t e r i s t f c  equation. 

3. 

The t h i r d  method does not  y i e l d  information on relative 

s t a b i l i t y  but  o n l y  determines whether o r  no t  t h e  system is absoautely 
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s tab le .  The f i r s t  two methods provide r e l a t i v e  s t a b i l i t y  in- 

formation t h a t  can be used t o  p l o t  s t a b i l i t y  con 

ions of t he  support cha rac t e r i s t i c s .  The 

sented show t h a t  f o r  a given value 

is  a range of damping values  which w i l l  s t a b i l i z e  t h  

I f  t he  support s t i f f n e s s  becomes too la rge ,  t h e  sys t  

unstable  f o r  a l l  values  of support damping. The optimum 

s t i f f n e s s  and damping values  f o r  a pa r t i cu la r  system depend 

upon the  rotor-bearing proper t ies  and the  na ture  and magnitude 

of t he  forces  ac t ing  on the system t h a t  produce i n s t a b i l i t y .  

5 .2  DETERMINING THE STIFFNESS AND DAMPING COEFFICIENTS OF 

THE SQUEEZE FIT3 DAMEER BEARING 

The assumption of steady s ta te  c i r c u l a r  synchronous pre- 

cession of t he  jou rna l  and t h e  use of a r o t a t i n g  coordinate 

system allow the  bearing forces  t o  be equated t o  equivalent 

s t i f f n e s s  and damping forces .  This e s t ab l i shes  s t i f f n e s s  

and damping coe f f i c i en t s  f o r  t h e  bearing. These coe f f i c i en t s  

a r e  functions of the  bearing geometry, t h e  use of end seals and 

cav i t a t ion  of t h e  f l u i d  fi lm. The coe f f i c i en t s  obtained from 

the  steady state bearing ana lys i s  are compared with the  values 

from t h e  s t a b i l i t y  maps t o  determine a bearing configuration 

t h a t  promotes system s t a b i l i t y .  

The s t i f f n e s s  and damping coe f f i c i en t s  are non-linear 

ions of t h e  jou rna l  eccen t r i c i ty .  However fo r  ~<0.4 t he  eo- 

e f f k i e n t s  do not  change appreciably with changes i n  eccent r ic i ty .  
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For va lues  of ~ ~ 0 . 4  a rap id  inc rease  i n  t h e  c o e f f i c i e n t s  

occurs. 

s t a b i l i t y  o r  raise t h e  system cr i t i ca l  speed above t h e  operat- 

ing  speed r e s u l t i n g  i n  fo rce  t r a n s m i s s a b i l i t i e s  g r e a t e r  than 

1, 

t ab l i shed .  I f  t h e  f l u i d  f i l m  does n o t  cavitate a r a d i a l  s t i f f -  

nes s  is not  developed and must be supplied by r e t a i n e r  spr ings .  

The high s t i f f n e s s  developed can cause system in- 

For these  reasons a design cri teria of ~ 0 . 4  has been es- 

5.3 TRANSIENT ANALYSIS 

The bear ings  designed using s teady  state a n a l y s i s  are 

f u r t h e r  analyzed using t r a n s i e n t  response programs. 

o f a  system under t h e  inf luence  of unbalance and o the r  e x t e r n a l  

f o r c e s  is  monitored. E f fec t  of r e t a i n e r  sp r ings  t o  preload the  

bearing can be determined and t h e  bearing des ign  f u r t h e r  re f ined .  

The motion 

The accuracy of t r a n s i e n t  response programs are dependent 

on t h e  accuracy of t h e  n w e r i c a l  i n t e g r a t i o n  methods employed. 

A t  h i g h l e c c e n t r i c i t i e s  very s m a l l  i n t e g r a t i o n  s t e p  S izes  a r e  re- 

quired t o  r e t a i n  high accuracy i n  t h e  s o l u t i o n  because of t he  

r ap id  v a r i a t i o n  i n  t h e  bearing fo rces .  The c o s t  of obta in ing  high 

accuracy at  high e c c e n t r i c i t y  does no t  j u s t i f y  using s m a l l  t i m e  

s t e p s  o r  complicated i n t e g r a t i o n  methods r equ i r ing  many func t iona l  

eva lua t ions  because optimum bearing design requi-res opera t ion  a t  

l o w  eccentricities. The information provided by s i m p l e r  i n t e -  

g r a t i o n  methods is  s u f f i c i e n t  t o  i n d i c a t e  t rends  i n  bearing operation 

a t  high e c c e n t r i c i t i e s .  

73 



5.4 ADVANTAGES OF BEARING SIMULATION 

The analytic simulation of the squeeze film damper bearing 

eliminates many bearing designs that would result in bearing 

or machine failure in a test installation. Because the cost of 

constructing and instrumenting a test rig i s  very high, prevent- 

ing the failure of these machines is important. 

in manufacturing and testing bearings is also great and the elim- 

ination of unsuitable designs by analytic procedures results in 

a substantial savings in time and money. 

The time involved 

A good test program is essential, however, to determine the 

actual rotor-bearing response under various conditions. The ana- 

lytic simulation provides a means of interpreting the test data. 

Often the nature of the actual system excitation is unknown and 

the actual system response must be used to infer the nature of these ex- 

citations. 

citation the experimental results provide + check on the accuracy 

and limitations of the analytic simulation. 

Where it is possible to systematically vary the ex- 

5.5 LIMITATIONS OF ANALYTICAL INVESTIGATIONS 

In any analytical investigation it is very important to know 

the assumptions made in analyzing the problem, In deriving the 

bearing equations for this study several assumptions were made. 

To obtain the Reynolds equation from the Navier-Stokes equations 

it was assumed that: 

1. The viscosity is constant 

2. The flow is steady state 

3. The fluid inertia terms are negligibly small 

74 



4 .  The dens i ty  i s  cons tan t  

5. There i s  no flow i n  t h e  r a d i a l  d i r e c t i o n  

6 .  There i s  no pressure  g rad ien t  i n  t h e  r a d i a l  d i r e c t i o n  

The Reynolds equation obtained w a s  modified by using t h e  

s h o r t  bearing approximation, 

pressure  grad ien t  i n  t h e  t a n g e n t i a l  d i r e c t i o n  i s  s m a l l  and when 

mul t ip l ied  by h3 i t  is  very s m a l l  i n  comparison t o  o ther  terms 

containing only h. This assumption i s  v a l i d  only i f  t h e  tan- 

g e n t i a l  p ressure  grad ien t  is  s m a l l ,  and a t  high e c c e n t r i c i t y  

r a t i o s  t h i s  assumption may not be  v a l i d .  For t h i s  reason t h e  

d e s i g n c r i t e r i o n i s  t h a t  t h e  e c c e n t r i c i t y  r a t i o  be less than 0.4. 

I n  add i t ion  t h e  s h o r t  bearing approximation is  v a l i d  f o r  5 < 0.5. 

For r a t i o s  g r e a t e r  than t h i s  t h e  a x i a l  p re s su re  grad ien t  is  not  

The assumption made w a s  t h a t  t h e  

L 

L 
D l a r g e  compared t o  t h e  t a n g e n t i a l  g rad ien t .  For - > 0.5 e i t h e r  

t h e  long bearing approximation o r  f i n i t e  bear ing  techniques 

should be used. 

The conditions under which c a v i t a t i o n  occurs must be modified 

i n  l i g h t  of t h e  cu r ren t  experimental r e s u l t s .  

i t a t i o n  condi t ions  w e t e  assumed t o  be t h e  same i n  squeeze bearings 

as i n  jou rna l  bearings. 

5.6 RECOMMENDATIONS FOR FUTURE RESEARCH 

In t h i s s t u d y  cav- 

1. Construct an  experimental r o t o r  w i th  squeeze damper 

supports t o  provide d a t a  t o  v e r i f y  the a n a l y t i c  squeeze 

bearing model. 

Conduct a n a l y t i c  and experimental  research i n t o  t h e  con- 

d i t i o n s  under which t h e  squeeze bear ing  f l u i d  f i l m  cavitates 

2. 
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and to determine h vi 

3. Investigate the heat transfer char 

bearings and provide modifications to the bearing pro- 

grams to account for variable viscosity of the lubri- 

cant. 
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APPENDIX A 

DESCRIPTION OF PROGRAM SQFDAMP 

This program analyzes the stiffness, damping and pressure 

characteristics of the squeeze film damper bearing. 

configurations may be analyzed: 

Three bearing 

1. Plain bearing without end seals or circumferential oil supply 

groove. 

Bearing without end seals but with circumferential oil supply 

groove. 

Bearing with both end seals and circumferential oil supply 

groove, 

2. 

3. 

In addition the fluid film may be assumed to be cavitated or un- 
71 3a to e= - 2 -  cavitated. If cavitated the film extends from 0 = - 2 

cavitated it extends from 0 = o to 0 = 2a. The 0 is-measured from the 

line of centers 05 the bearing in the direction of journal precession. 

The evaluation of the bearing characteristics assumes that the journal 

precesses synchronously about the bearing center in a circular orbit. 

If un- 

The following is a description of the program input data: 

CARD 1 -80 column free-field comment card. 

CARD 2 -80 column free-field comment card. 

CARD 3 -Namelist/BRGTYPF$ TYP, CAV, PS 

TYP - 0 for bearing type 1 (see above) 
- 1 for bearing type 2 (see above) 

- 2 for bearing type 3 (see above) 

CAV - 0 for uncavitated film 
- 1 for cavitated film 
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CARD 4 

CARD'5 

CARD 6 

CARD 7 

Sample input 

CARD 

1 

2 

3 

4 

5 

PS - o i l  supply pressure ,  p s i .  

N a r n e l i s t / B E A R I N G /  L,R, MU, N 

L - Bearing l e n g t  

R - Bearing r ad ius ,  in.  

MU - Lubricant v i s c o s i t y ,  microreyns 

N - Rotor speed (journal prec  rate), RPM 

Namelist/ECRATIO/ES,EF 

ES - i n i t i a l  j o u r n a l  e c c e n t r i c i t y  r a t i o  ES>O 

EF - f i n a l  j o u r n a l  e c c e n t r i c i t y  r a t i o  EF<L 

N a m e l i s  t/CLEARNC/ C (I), NC 

C(1) - c learance  

NC - Number of clearance va lues  

Namelist/PLOTSEM/ CS, PC, PK, PP 

cs - 
PC - 

PR - 

PP - 
data .  

P l o t  cont ro l ,  .T,  i f  p l o t  des i r ed ,  otherwfse .E. 

.T. i f  damping p l o t  des i r ed ,  otherwise .F. 

.T. i f  s t i f f n e s s  p l o t  des i r ed ,  otherwise .F. 

( i f  CAV-0, PK = .F.) 

.T. i f  p ressure  p l o t  des i r ed ,  otherwise .F. 

DATA 

SAMPLE DATA FOR SQFDAMP 

1 MARCH 1973 

SBRGTYP TYP = 0 , CAV = 1, PS = O.O$ 

$BEARING L = 0.90, R = 2.55, MU = 0.382, 
N -- 16800.0$ 

$ECRATIO ES = 0.1, EF = 0.9$ 
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6 $ C L W C  C(1) = .003, C ( 2 )  = .004, C(3) = ,005 
C ( 4 )  = .006, NC = 4 $  

7 $PLOTSEM 9 

The following is a listing of the program and a sample ou 
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-.-- SQFD0420.7 c ___________-I_.----- -___ 
C SET UP hEH @LOCK PhC bOVE G R I G I N  SCFDO430 

-WRXJE(6v5_) . - SQFDO5G 0 
5 FORMAT ( 1 x 9  SQF D C 5 1  0 

--lSBHTHIS_ FROGRAM ANALYZES 3HE-STIEFNESS, OAMPING AND. P.RESSURE~../~XJ_SOFDO~ZO - 
258HCHARACTERISTICS CF THE CQUEEZE FILE!  CAMPER BEARING. THREE / l X ,  SQFD0530 

4 5 8 X  0 .. P L A I N  EEACING h I T k C U T  EhC LEAKAGE SEALS CR CIRCUH- / 1 X s  SCFD0550 
_358HeEARIhG_CCNFIGUCATIOhS Y A Y  B E  AhALYZED- __ - __ /1X*  -SQFDC540. 

/1X, -SOFDG58O- __-- 1 5 8 H F E R E N T I A L  CIL - SLPPLY-GRGOVE . - __- __- __. ___ 
8581-1 2 - BEARING H I T H  BCTH END LEAKAGE SEALS AND SIRCUHFER- / l X ,  SQFD0590 

_- - / t X g  SGFD0600 

_ _ _  258HTATEC OR UNCAVITATED. I F  CAVITATED THE F I L X  IS ASSUMED - - / l X *  SQFOG620 
358HTO EXTEhO FROI! THETA=FI /2  -TO THETA=3FI /Z,  HHERE THETA / l X ,  SQFOO630 

- - .458KIS NEPSUREO FROt' THE L I h E  CF- CEEtTERS I N  THE DIRECTION OF - . / I X ~ - S Q F O 0 6 4 0  
558HJOURhPL PRECESSICN. THE EVALUATION CF THE BEARING CHARAC- / l X ,  SOFDU65J 
+ 5 8 H T E R I S I I C S  ASSUHEI THAT. THE .JCURhAL FRECESSES SYNCHRONOUS-- / l X , .  SQFO0660- 

%8H.  ___ _ _  E N T I A L  OIL SUPFLY GROOVE 
1 5 6 H I K  ADGITION, THE FILI.: h A Y  BE ASSUHEO TO B E - E I T H E R - C A V I -  1 1 x 9  SQFDGblO 



---__.-- --_- .--- _______.__ _-. ---__ 
758HLY AeCUT THE BEPEIKG CEhTERo / 1 X ,  SQFD0670  

- - - 2 5 8 H T H E  FCLLOWING IS--A-DESCfi IP.TICC. CF-THE. INPULPARAXETERS--.-J/)  - SQFD0680 
H R I T E ( 6 9 6 )  SQFDG690 

- h 2 0 R t ! A T - ( 1 % 1  - -__ ~ _____ __. ____ .____ .SQFD0700- -  

_____ 258HCARO 2--.-80 COLCrN F R E E - F I E L D  CCWHEKT CARO _ _ _ _ _  _______ / l X t .  SQFDO7ZO - 

--!58H ---__I J X P - . - D - . F . C R B E A R I  hG-TYPE-.O (SEE ABOVE).. _.__-__ / lXs_.SQFD0740.  - 

_-_- 658H ....-_ - Z_F.CR_BEARING ZYPE-Z_(SEE_ABOVE) L SQFOG760 _ _  
HR ITE(6 ,B )  SCFOO770 

--... 8 - - - F O R R A T  (AX# .______._____.____ - _ _ _ ~  ~-SQFD0780 

158HCPRD 1. -80  COLLHN F R E E - F I E L D  CCHHENT CARO / l X ,  SPFOO7lU 

358HCARD 30 -LAMELIST/BRGTYPE/ TYF ,CAV,PS 1 1 x 9  SGFD073J 

558H 1 F C G  EEARING TYPE I (SEE ABOVE) / l X J  SQFD0750 

1 5 8 H  C A V  - 0 F C R  UNCAVITATED FILM / i X ,  SQFD0790 
- - 2 5 8 H  _________-_ I _ F _ C R ~ C A V l T A T E O - F . I L L  ______._______ L I X  J .SQFDO8G 0 

3 5 8 H  I F  C4V=O PK=.F. (SEE CARO 7 )  / l X ,  SQFD0810 
--.45 BH ____ - _ A S  -.L” -0 IL S U F PL Y 

75  8HC ARD 4 -NAMEL I ST/EE A R  I NG/ L 9 E 9 MU, N / l X ,  S Q F 0 0 8 3 0  _-_- 858  H _ _ _ _ _ _ - L - _ B E A  li I N G -1 EN G T H 9 - 1  N .- - 
9 5 8 H  R - BEARING RADIUS, I k *  /1X, SQFD(r850 

2 5 8 H  N - RCTCR SPEED (JOURhAL PRECESSICN RATEeRPH) 1 1 x 1  SQFDO870 
3 5 8 HC A R Q 5  a -=NA H ELI 5 1 / EC R A T I O  /-. E S p E E -. ._ - - --_______ 2 I X 9 - S Q F D 0 8 8 0 
k 5 8 H  ES - I h I T I A L  JCURhAL ECCEhTRICITY RATIO, ES>O./ lXp SCFD0890 

h58HCPRD 6. -NAHELIST/CLEPRhC/ C ( 1 )  ,NC / l X ,  SQFOO910 

, 

PRESSURE 9 .  P_S I - - - l i  X 9 -S Q F D 0 8 2 0 ____ 
- - - - - . - - / i X ~ . .  SQFD0840. - 

8 H------,---MU.----LUBR I C A EiT V I SCO S I T Y-9 - H I CR D REY NS.- --.Ll.Xp - SQF 0 0 8 6 a- 
~ 

- - 2 5 B H  - -.E F.- - E- F I N  P L - J 0 U R N /I L E C C Eti T R I C I T . L R  AT. I O  I- E F <A+. D- -/ 1 X ,- S P F 0 0 9 0 0 - 

---35BH _______ CII~-T-CLEAKAISCE..VALUES ,-Ih . . - D - c l l L - - - L I X ~ -  SQF00923- 
8 5 8 H  NC - NUHEER OF CLEARANCE VALUES ) SQFDO930 
.-HRLTE(6 ,71. __. _ ---...----_-SQE 0 09-40 - 

a FORHAT (1 2 ,  SQFD0950 
- - 2 5  8 H  C ARRI~-TNA.~IEL LS T/ FL C TSEW- C S 9 PC I P K , FP - - ---...-.--J 1 X  ,-.SGEDC 9 6 L -  

-----3(ZB H -QTH€RWISE e F c  ____ LlX t - .SQFD0980-  

d 5 8 H -  P L - a T .  . IE -ST IFF .  FLOT- D E S I R E D ,  07HEiihISE .F./lX, SGFD100D.. . 

___ 
2 5 8 H  CS - PLOT CONTROL, eT. I F  PLOT DESIRED, / l X  9 SQFD097 0 

4 5 8 H  P C  - -7. I F  DAMP FLOT CESIREDp OTHERWISE .F. 1 1 x 1  SQFOO990 

6 5 8 H  P P  - . T o  I F  FRESS PLOT OEIIREO, OTHERHISE .Fa / I X J  S Q F O l O l O  

858HCCMMEb.T CARO 1 /l%, SQFD1330 

1 5 8 H  $@RGTYPE TYP=O,CAWI,FS=O.O$ / 1 X ,  SQFDl.050 

3 5 8 H  BECEATIO ESzO.1 ,EF=0.98 / l X ,  SOFOIG70 

----75 8 ti S A MPL E .R AT A .~ .SQFD1020 _ _  
- - 2 5 8 H C C M M E k T - -  CARD-.2.--- - L I X r - S G f  0 1 0  40 _ _  - 

--25 8HABEAI; ING SPFD1060 _ _ _  L= 0 e 9 0 Rz2.5 5 ,  K U = O  * 282  9 N=1680 0 8--- ________ / 1 X  1 

__ .!I 5 8H - BCLE ARN C_ C (1 1 = . 0 0 3, C ( 2 1 = 0 0 4, C ( 3  1 r .  0 05 , C (4 I-=. 0 0 6, NC = 4 9  ._ L l X  9 SQFD 1 0 8  0 ._ 

558H $PLOTSEN CS=. T e ,PC=. 1 s yPK=. T. ,FP=. T .$ 1 SQF 010 90 
f..-------.--_-- _--___________ -SQF_DI lPQ-  

C H R I T E  OUT I N P U T  C A T A  S C F D l i l J  
2- - _ _-. _. - __ - ~ ~ .. -_____ - S Q F O l ~ E O  - 

WRITE(6,25)  COHENTl9CCHEhT2 SGFD1130 
- 2 5  F O R P A T ( I H I , I X J ~  ( 8 - A l O / l X ) )  _ _ _ _  __ SQFD1140 _ _  

I F ( T Y P .  EC. 0 1 H R I T E  (6,27)  S Q F O I 1 5 0  
---IF-( T Y l? EC 11- - WRI TE ( 6 28 1-- ___ __-_-__ 2 Q F D l l 6 0 - .  

I F  ITYP. EQ.2) WRITE 4 6 9 2 9 )  S Q F O l l 7 0  
1 F  ( C A V  e E G. 0 I H R I T E  (E, 3 1  I --- -__- .SQFOl lSO - 
I F  [CAV.  EC. 1) H R I T E  ( 6 ~ 3 2  1 S Q F D l i S O  

-21 _ _  FORMAT ( / ~ X J  ..- -.- -_ _____ ----.SQFDIZOO - 
I 5 8 H P L A I N  BEARING, hG ENC SEALS OR OIL SLPPLY GROOVE / B  S P F O l Z l O  

2 8 - I - O R E A T  U I X  L- ----- , SQF-D.lZZ.0- 
1 5 8 H e E A R I h G  WITH-NO ENC SEALS EUT WITH OIL SUPPLY G R O O i r  / l  S Q F D i 2 3 J  

- 3 9 - E o R M A T l f l X  1- SQF-0 124 0 
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___ . 4 o O_-E o I I.= a_. n. . -- --.,SQF01.940 
SQF 01950 N P l =  NP1 t KC 



.--- --__- ___ _I_--- ___--__ - -__ ---.-__-- 
- - - -SUBRCUT I h E  PLOTTER (KP ,L ,R p P-U 9 h:, PC e ORIhrG ,COHENTI ,COHENXZ, HC ,C,- ._ ._ SQFD20 60 _ _  

I E O  ,COP U O  ,PMAX ,PC ,PK 9 PP9 TYP V C A V )  SQFD2070 
-4 _____________ .__ - -___ ~ -__ I SQFD2080. - C T H I S  SUEFOUTINE FLCTS CO,KO,AND FHAX AS FUNCTIONS OF EO SCFD2090 
--C EACH-SET...OF . CLEARPLCE VALUES REGUIRES-ChE BLOCK - .-SCFDZIOO ._ 

C SQF D E I l J  

INTEGER COMENTI ,COPEN12 pCLABELp T'IP SQFD2130 

REAL L,EL,N,KO,HC1 SQFD215J 

DIHEASICI E 0 ( 1 3 5 ) , C 0 ( 1 3 5 )  ,K0(135) ,PMAX( l35)  SQFO2170 
__I__. CQMEGN. hEQ- _ _  __-_____-. ..-..SWDZlSO _ _ _ _  

DATA CLABEL ( l ) ,CLAEEL(Z) /  SQFO2190 
_______ l . l O H C =  ____- tblOtlILL--. .-L- -- ~ - - -  SQF02200- - 

SQFD2210 
' --_SQF02220 _ _  ----AN F_=&P/ NC- ____- - 

SQFD2230 
.: ___.- NE_G=.NNP- - --- S QF 0 22 4 0 

S Q F Dd2 5 0 
__ L F - L N O T  a -PC_)_trolD_iol- - - S Q F D 2 2 6 0 - - -  

C SQFD227J 
-C--PLnI_cO.-- --....-SQFO2280 - 

C SQF0229 0 
----JAxLsa--- ____-I - ____ __ --__. --.____ S.QE D 23 0.0- 

CALL GRID (L R 9 N MU1 ,PS, CCHENTI, CCHENT2 9 J A X I S  ,EO ,CC, KO ,PI/.AX SQFD231 J 
____-__ INP,TYPpCAY) - -~ I-______I____-_ SQF.02320 - 

NPI=NC* k E O + i  SQF02330 
_____ NP2= hC h EO+ NG- - - .SQED2340 __ 

DO 400  I=NPI,NPZ SQF 0 2 3 5 0  
-- .--S.QE023 6 0 - 

SQFD237 0 
. , -4OD-GO.t .U= o-.-c_ 

NP1= hPl+ hC 
- _ ~ e  ~EMPZ.+A c ___- - __-__ SQFD2380 _ _ _ _ _  

DO 5 0 0  I=NPI,NPP SQFD2390 
.C;O@-. --co c I ) = . l . o - ~ - - -  --- SQF.024GO. - 

DO 3 0  I=l,NC. SQF 0 2 4 1  0 
- - . - - - C A L L I L I ~ L O _ L I ) , ~ ( l l , N  h FaNC& 02.. - _SaE02420 ____ 

C SQFD2430 
C ____ DECIOE_HHET.HERIABELING SHOULD BE OVER -CURYL O k  -___._____. SQEOZ440 - - 

C AT END OF CURVE. I F  fiAXIMUM ECCENTRICITY C 0.7 SQF02450 
--C ___ -SQFD2460 _ _  

C SQF02470 
~ E ~ E C L N E L - G E B - D  L Z U C T  Q-6 Ow- --.SQED2480 __ 

SQFD2490 . c .  
--C--_._DETERMIEiL.THE X. .ANC-Y CCCRCINATES OF-THE LOWER --__ -SGFD2500_ 

C LEFT HARD CORNER C F  THE LABELING AN0 THE ANGLE SQF02510 
-C ____ -IT. .RAKES. WITH-IHE-X-AXIS. - -SQFD252J __._ 

C SOFD253J 
----XX= (EO ( hEjl.0 166073-t-LL . --SQFQ2540 

I I I = h P - N C + I  SQFD2550 
--.YY.=CO(III~ + 0.1 . - - __ __ ________ SQFD256J - 

THETI=ATPN( ( C O ( 1  GCCII I - IO 'NC) I / (  (EO <III)-EO(III-1Q+NC)) *6* 0)  1 SQF02570 
---pTHETAl=THETAI'57 e 2 5 5 8  - -. - --- -.SQF02580 - 

CALL SYPEOL ( X X ,  Y Y  9 OelpCLABEL, THETAl913)  SQFD2590 
I: -- --- - .-SQED26G-P-. - 

DETERMINE THE X ANC Y CGGROINATES OF THE LOHER SQF 026 IO 
-C:- E E L H A  h0-C QRNE R-C F-T. h L C  L E  AR ANC L- .V  A L  ULTR-BE SQFD26ZO - 

---_ DIkIEkSICP. C (5) ,COMENJl( 8)  ,COHENT2 (8 lpCLABEL (21 - .  -.__-______ SQEOZl20-- 

________lNTEGER C A Y  ~ __-_ ____ __ -__SQF92140 . 

_ _ _ _ _ L O G I C A L  ..CRING ,PC,PK,PP--- - - ___ ______-_________ __ _ _ ~  --SQFO2160-- 

C 
-- 

DELE= (E  C (NP 1 -EO (I 1 1 /N hP 

MUI=HU* l .OE6 

P I A C L L A E  EL I h G  - 0 V  E E. .CCRV E ,-OTHE R hI SE 4 LEND_- -__ 

e 

L. 
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- _------ 
C PLOTTED SQFD2630 





--_.----I__*--- -. - - I----- 

-----S U B.R CU T I CE-I; R I D  (L p6 * N , H U l  , FS , COHENTi # C C FEN T2, J A  XIS, EO, COP KO, PH A X  9 . SQFD374 0 
INP,  TYP, CAV) SQFD3750 

r .  -----I_.- I________Ic__._ - - .-. - -.-_-.I _ - __  SQFO3760 __ 
C T H I S  SUPROUTINE PLCTS THE GRIO Ah0 LAEELS THE PLOTS SQFO377 0 
-____I___ ___ - - _ _  _. _ _  - - _ -  - __- _ _  SQFD378rO - 

O I K E h S I C L  COHENTl (C1  ,COt'ENT2(8) , E 0 ( 1 3 5 )  pCO(135)  ,UC(135) , SOFO3790 

SQFD3810 

REAL L9h,flUl,UO SQFD3830 

INTEGER TYP 9 HEADER3 (3) 9 hEAOER44 3 )  ,HEADER5 (2 1 ,  HEAOER6g 2 )  SQFD3850 

ILEGEKD5 9 HEADER1 pHEAGER2 ,XLAEEL e YLAEEL l  , YLABEL2, YLAEEL3 SQFD3870 
A O M k C N  hE0.- - ___________~_______________._________-_I___ S Q F D 3 8 8 0 -  

DATA L E G E N D l ( 1 )  ,LEGEND1 ( 2 )  9LEGENCEt l )  pLEGENDE(2) 9 SQF03890  
-SQED390 0 __ 

2CEGEhOS ( 2 )  , LEGEN05(3 )  , H E h D E R l ( I )  ,HEADERl(Z) , SQFD3910 
-.--SW-D392R- 

4 Y L Q B E L l ( 1 )  y Y L A B E L l ( 2 )  pYLABEL1 (3)  *YLABEL2(1 )  9 SQF 0393 0 
EYLAEELZ.C24YIABEL2131,YLABEL3 (1) ,YLAEEL3L21 PYLABEL3 (SI/ 
610HN= P I O H  RPH. plOHR= I, ~ O H N .  s SQFD3950 

BlOHflU= 7 1 0 H  PIGEOREYNplOHS 9 1OHSQUEEZE F I  9 SQFO3970 

I IOHECCEhTRIC1, lGHTY - ( D I M )  ~ IGHGAHFING,  ,10HCO .. t L @ - S p  SQF 0 3 9 9 0  

3 1  0 H H kX I V C H F R 9 I 0 HE CSL! RE - S Q F D 4 0 i  0 
_DAIA . .HEACER3 l I )  pHEPCER3 ( 2 )  $HEADER3 ( 3 )  gHEADER4(1) p - SQED4J2Q-- 
IHEADER4 ( 2 ) 9 HEADER4 ( 3 )  $HEADER5 (1 1 ,HEADER5 (2) I) SQF04b30 

---lPMAX ( 1 3 5 )  ,LEGEND1 (2) ,LEGEhiD2(2) ,LEGEND3 (2 )  rLEGEkD4 ( 2 )  ,LEGEND5 (3)  9 SQFD3800-.  
ZHEAOER1(2)9HEAD€R2 ( 3 )  sXLPIBEL(2) p Y L h B E L l ( 3 )  ,YLABEL2(3)  p 

.------3YLA@€L3 ( 3 )  _ _ _ _ _ c _ _ _  ~ -___-_____--_______ ---.- SOED3820 __ 
-_-_I INTEGER._ CAV-.. c______________-- _ _ ~  __._ SQE03840 __ 
- - d N  T E GE R - C OH E NT 1 9 C C F EN T2 L EGEN D l  9 L E GEN D 2 ,LEG EN 03 9 L EG EN D 4 ,--. - __SQEDB 8 6 O-- 

- - A E G E h D 3  (1) ,LEGEND3-(2) ,LEGEND4 (I) rLEGEND4(2L,LEGEN05 (1) 9 .  

L D E R E . ( I ) , . H E A D E R 2  (2 )  ,HEAD€R2(3) ,XLA@EL_( l I  ,XLABEL (21.9_-- 

- _ ~ - - - S Q F - D 3 9 _ 4 0  _ _  
- Z I O H L =  L 4 1 O H h . e  i______.__ ~ I O H P I = - - ~ ~ l O I L  PSI.  L- ______ SQFD3960- 

- - - s i . O  HUI-.JIAEPER-, 1 0  H NC SEA L S .. 1: 9 1 G H R -OIL- S U F P 8 1 OH1 Y _- G R O  0 VE s- __--. SQF D 3 98 0 - 

---2IOHEC/ I N L  SQFR4OO 0- __ ---I 1 OHS TIFFNE S S 8 9 1 OH. KO ---(LE/, 1 OH1 N) _ _  . 9 - ___ 
( 9 1 0 H PS I 1 / 

- - 2 H E A O E R 6 . ( 1 1 ~  HEADER6 (2)./ ______-__-__- ~ _-________^____ ..-SQEO4040-- 
310HCIL  SLPPLY,lOH GGOCVE -910H NO SEALS,lOHQIC - SUPPL, - - SQFO4050 
410HL-GRCOVE-~.5.OH AKD.SEALS,IOH .__. NO-CAV,lOHHIAA.TION.- 9 _-..SQFD4060_- 
510 H CAY I T S 1  OHATIOK / SQFD407J 

LOEXP=O SQF04090  -___ G (uD-(i O fl 2 0 0 9 3 5 I? I-, J AX IS ---- __ _-_ -~ - l__l___ .-SQF 04 9.0 0 - 
100 CALL LOGSCAL(CO,NP,I,8. O,LCEXP9ICYCLES,hP+2) SQFD4110 

- G O T  1~15.0 - - - _ ___ __ - - SQF 0 4 1  2 0 
2 0 0  CALL LOGSCAL(KO,KP,l,B. 0,LCEXFs ICYCLES,hP+Z) S Q F D 4 I 3 0  

- G O ' l O - 1 5  0 - - _____ _ _  SQFD4140 __ 
3 0 0  CALL LOGSCAL (PHAX,hF~ l ,8 .  O,LOEXP,ICYCLES,NP+,21 SQFD4150 

.2QC aN T I NUT- - __ - _________-_I__ ___ _.-- SQE 0416 0 __ 
NNC=(NP/AEO)+l  SQFD4170 

GO T O ( l C 1 9 2 0 1 9 3 0 1 )  , JAXIS  SQF04190 

GOTO 1 6 0  SQFD4210 

GOTO 160 SQF04230  

160 CALL PLCT(OaO,8eO,3) SQFD4250 

CALL L O G A X I  S (6.0 , O . O  p E l i  9 0#+8 .0  9-90.0 pLOEXP9 ICICLES) SQF04270 
r).- - _SQF0428 0 _ - 

C PLOT LEGENDS AND HEADINGS SQF 0 4 2 9  0 
-.C- SQED4300 _ _  

__ --ICYCLES_zD---___ __---___- ~ - -  _ _ _ ~  SQFD4080 . 

CALL. A X I S l ~ O ~ O , O ~ O ~ X L A E E L ~ ~ 2 0 ~ f i r C ~ O ~ O ~ E C ~ N P + I ~  sEO(NP+KNC) 916.667) SQFO418O _ _  

-L.IOi.-.. CALL L O G P X I  S (0.0,O. 0,  Y L A e E L l r 2 6 ,  *6 0 99 0 eO,LOEXP, ICYCLES) __-_ SQF04200  _. 

-201 - - C A L L 1 0  G A X I  S C 0 a 4 9 0-0 +YLAEE L2 L O  EXP P ICYCLES 1 __-_ - -.SQFD4220--- 

SQFD4240 _ _  
23 9 + 6 e a, 9 0 a 0 

-.301- --CALL LOGAXIS  ( 0 . 0  9 0 e 0 v.YLAEEL3,24, t6.0,90.O8LOEXP,fCYCLES) 

_______CALL  P L C T ( b e 0 , 8 * 0 , 2 )  - SQFR426lr- 
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---- 

>--- CYCLES-ETI-E- NUMBER C F  CYCLES--OF REPETI-TIPhS -0FTHg-GRAPH - SCFD4650 - 
C LO=THE LOKEST EXPONENT OF GF THE G A T A  SQF54660 c- . I L I S  -Ah! .-CUTFUT PARAHETE-R -0F-LCGSCAL _*.!*INPUT.. F-OR LOGCYC. SQFD4670_-- 
C I E  THE DIFFEREICE BETWEEN HIGHEST AND LOHEST EXPONENTS + ONE SQFD4680 
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---pSUCROUTIb€-LOGAXIS (Xp-Y.9 IBCD+..NCHv. SZ 9 -THTAp- LOEXP9 ICYCLESJ.. ---SQFD5150-- 

-C -_____._. .[ALCNG THE LENGHTH CF-THE-PAFER-9  OR THTA=O.O) OR-VERTICAL ._-_. SQF05170 - 
C T H I S  GOUTINC CREATES A LCGARITHNIC A X I S  HHICH H A Y  EE HORIZGNTAL SQF05160 

C (ACROSS THE WIDTH OF THE PAPER OR THTA = 9 0 . 0 ) ,  OR AT ANY SQFD518O 
_G ____ __-__ DTHEk .ANGLEL ELRLHER-.IkE AXIS-CAbLeE. DRAXN -HITH-DESIRED LABELISQFD5190 - 

C PRI h TCD SQFD5200 
A- V A R I ABLE S - ~ -_ __ ..S QED 5 2 I 0 - 

C I h P U T  Pb'RAMETERS SQFD522 0 

C IBCD=AN ARRAY OF HOLLRITH CAARACTERS PGIhTED AS LABELING SQF05240 
-.-G-- hCHAR:NUM?ER OF CHPRACTERS I N  IBCD.  TO .$LOT SQFD 5 2  5 0 _-_ 

C S I Z E  = THE LEKGTH OF THE A X I S  I N  INCHES SQFD5260 
C-.-THE T . L r . - H E  ANGLE- I T -  HH IC H .THE..AXIS..ISORA W N ___. -.-.-SQED527 0 __ 
C LOEXP-MIL IHUH EXPOhEhT(FCHER O F  TEN) CF ANY VALUE TO BE PLOTTED SCFD5280 

-C-.-ICYCLES-BUMBER. OF. S E P I T I I I G K S  O F . I H L A X I S ~ . a _ B € . - P L Q T T E ~  S Q F  D 5 2  90 
C INTERhAL VARIABLES SQFD53 G 0 

-I:-EI N E - 0 E TERM I h ES .F I h  E X R  C.0 ARSE -1 I C  K- HARKS . S C F D 5 3 1 0 _  - 
C HGT-CONTAINS THE HEIGHTS GF THE T I C K  EtAGKS SQFD5320 

, C O D R l l - . r C  CNT AINS- LCG 5- US E I:. ..TO_MO V E J H E J E N  --T.HLC.OARECLL W G H E - - - S Q E D 5 3  3 O.-- 
C H H I L E  ThE GRAFH I S  EEING DRAHN SQFD5340 -- S QF D 5 3 5  0- - C ' * . ?  * ***_+rPrr* ' * f .?. * r -* ?-*-?-E?.*+%*e.r+ f *_**r_t.*t- 

DIKEhSI0.h COORD(65) 9 HGT(6519 I B C O ( 8 )  SQF 0 5 3  6 0 
__- L O  G_I GALLUkE---- -I_ SCF-D53 7 0 - - 

C SQFD5380 

* t *-+. *.?L? f *E* t . * i -  - __-_________ - _ _ _ _  . 
_.__ C X . , Y - - . T H E .  COORDINATES OF.. THE BEGINLING FCINT-. O E  T.HE A X I S -  - -.-SQFD523O _ _  

- 



F I N E = .  F A L S E  S O F 0 5 7 2 0  
,--I Et S I ZE e CT-..D S-QF 0 5 7 3 o.-- 

THETA= A@S (THETA ) S O F D 5 7 4 0  ___- NCHAR- =IPES (NCHAR) ___ .__- _______. - S O F D 5 7 5 0 -  - 
S I Z E  = A @ S ( S I Z E )  S Q F D 5 7 6 0  
C-STHETAFCOS ( T H E T A *  .017_455) - _---- S O F D 5 7 7 0  - 
S N T H E T A z S I N  (THETA*; 0 1 7 4 5 5 )  SQFD578O 

--.--- SOF 05 79 O--.- 
C T H I C  GRARS THE A X I S  A T  T H E  FROPER AhGLE AND LENGTH SOFD58OO _____ C I T  USE_S-CGORD- ARRAY FOR G I V I N G  T H E  R I G H T  LENGTH FOR .TH A X I S - A N D  T I C S Q F D 5 8 1 0  _ _  

---- C._- -.-GI R E C T I  Db - QF- T &E L A @ E L  I N  G- - A  h DO F -T tj E K UM E E  R-_ D L T . 1  C K -flA R KS ._ __ SQF 0 5 8  3 0- __ 

F I K . L ~ & U  E, ___--- 

-L-.- ---- - _----__---_I --. -- 

C EIARKS T I C K ,  D I R E C T  AhC F I N E  SET THE C I R E C T I O N  OF T I C K  KARKS, S C F D 5 8 2 0  

C S Q F D 5 8 4 0  

V = *  l O * ( - T I C K )  *SNTHETA+X S Q F D 5 8 6 0  
H.=T I CY?.. 1 O-tC 5 T H ET A +  Y 
C A L L  PLCT(V. W .  3 )  SQFD588O 

- C ~ C L E S Z = S I Z E / F L O P T . ( I C Y C L E S ) _ _  -_- s ~ ~ _ p 5 8 5 0  ___ 
SOFD5870.-  - .- 
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- -- I- --- 
- --.--__ I -- - -__ 

INCR=-5 SQFO630 0 
-_-- Is1UL _________________- _________ ~ _____ SQF06310--- 

3 3 0  Q A =  (COORO(I)+ FLOAT ( I I ) ) * C Y C L E S Z  t.25 SQF06320 
_______c --.--.-.XA=QArCSTkETA+X+OX _________________c-__-____ SQFO6330.-  

YA=PA+SNTtETA+YtOY SQFDb340 
- --X=K-l _ _ _ _ _  ______ SQF06350--  

I F  ( I .EQ.40) INCR=-IO SQFO6360 
- - - p d = I + I N C R  - _-_,-_L_I______ I_ ___.. _ _ _  SQED637  D - 

I F ( I . G T . 0 )  GO TC330 SQFOb380 
--...-GA=FLOAT(II) +CrCLESZ __ SPF06390 - 

SQF0640 0 X A = Q P * C  STHETA+XtDX 
--- SQED6410.-- 

CALL SYM€JOL(XA, YA, e149 I T E h ,  THETA, 6 )  SQF06420 
__I._I SQFD643 0 

XA= CSTtI ET A * .  7 2 - 5  NTH ET A 0 5+ XA SQFD6440 

POWER=2 H I 3  SQFO6460 
CALL.NUMEER(XA9. YA,-dO,IL,-LHETA,- P O H E R L -  ---S QFD 6 4 7  0- 

I F ( I I . G T . 0 )  GO TO320 S QF 0 6 4 8  0 
--L ----- . _____________I___________-________._________ ______ SQF.06490-- 

C T H I S  FRINTS THE DESIRED ALPHA N U H E R I C  I h F C R H A T I O N  ABCVE GR BELOW SQFD6500 
C - - T H E -  AXLS_AS..IS N E E D E l I . . T O ~ 1 f E N T I F Y _ T H L A X I S  _ _  ---.-.-.S QF 0 6 5 1 0  _- 

C S QF 0 6 5 2  0 
@A=.5?SIZE-.FLOAT (NCHARI .‘e 06 -~ SQF0653D- 
@B =TICK+.U5 +DIRECT*.40-.07 SQF 0 6 5 4 0  

-_SQFD6550- 
Y A = @ A +  ShTHE T A +  O B  * C E T HE T A +  Y SQFD6560 

SQF06580 

__ -.-.-.---YA -f C A *  S h TH ET A t  Y + OY - . 

___.__- I l _ = I I + L  OEXP _ _  - 
_ _  __  _-_______ 

- 

-- YAs ShTHETAr. 7 2 t  CSTHEI A *. 0 5 + Y  A _ -  ----JGFo~~~ a- 

--_XAKJ~A?CS.THE TA-BBShTHET A t  X _____-___ ___ 

CALL-SYPLEOLULA, -YA,-3.14, IECD,-THETA, K C H A R )  __________- SCFD6570-. 
8 2 0  RETURN 

__._______END- - - _-_______ SQF-06590- 



C H A R A C T E R I S T I C S  OF THE I O U E E Z E  F I L P  CAPFER BEARJAC. I F B E E  
T E A  fTfTiEm-KF-1 KCR-b -FAY 

~ ~ ~ ~ ~ h L - 0 ~ ~ ~  Y C R 0 C U E 

F E R E h T I d L m I  L SU F FLY GROC U t  

t A h A L R  ED - 
0 - F L A I R  E E P R I N G  W I T F O U T  €NO LEPKPGE SEALS C f  C I R C L f -  

1 - EEPRING h I T H C U T  E h f l  LEAKAGE SEPLS EUT W I T k  C I R C L P -  

2 - BEARING k I T H  POTH FND LEAKACE S E P L S  ON0 SISCUPFEG- 

< 

~ ~ ‘ ~ L ~ ~ ~ s  C: FPL Y GR OTV t 
I N  A D D I T I O ~ S  T k E  F I L M  PPY EE ASSUt‘EO T C  EE E I T h E G  C A V I -  

TO EXTEND FRCP T H E T A = P I / Z  TC T H E T P = 3 F I / i ,  WHERE THETA 

JOURNaL PRECESSION. T H E  E V A L U A T I C L  CF 1I.E E E A R I L G  CPPFPC- 

~ ~ C ~ h - c b V ~ ~ C .  I F  CP n m l - E  FLLf’ IS P ?-5m C 

-frs PEASLFEC FRCP T H t  L I b t  CF c T F T E w F C ? I C b  CF 

I E R I S T T S  ACCUPES T h A T  T H ~ C l T S X L F f Z E e E S S t S  S m C H R C L C L S  - ~. .- __ 
LY PBOUT Tt’E B E A R I K G  CEATER. _- 
THE F O L L C H I h G  I S  A C E S C f i I P T I C N  CF T HE I L F L l  F A R P L P E R S -  

CARfl 1, -80  COLUMN F R E E - F I E L D  CCPPEKT CPRC - __ 
C A R D  2 .  - 8 0  CQLUMN FREE-FTELD c c r b E K T  C P G C  
C A R D  3. -NAt ’ELIST/PRGTYFE/  T Y P t C A b  pPS 

-1F - 0 FOR E E A  RTNTTYFE-U [ 5 t t  A P O V t )  
1 FOR EEAGING TYFE I ( I E E  AeOVE) 
2 torz E m 7 Y F E  L ( s t t  A k O V t J  

1 FBR-CaYTTAT- 
C P V  - 0 FOR LF!CAVITATEC F I L P  

I F  CAL=O PK=.F. (SEE CbGG 7)  
F S I L  S L F P  LY P R t ’  SSlR E 9 F L I  
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